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 Compositionally-diverse Archean metamorphic rocks occur as xenoliths within the well-
dated 2.8 Ga granitic gneisses that volumetrically-dominate the eastern Beartooth Mountains of 
the northern Wyoming Province. Common mafic lithologies in the Quad Creek-High Line 
Trails-Christmas Lake-Wyoming Creek-Line Creek Plateau area include granitic gneiss, 
amphibolites, mafic granulites and biotite and garnet-bearing peraluminous gneisses. The region 
also has sillimanite-biotite ± cordierite ± garnet gneisses and migmatites, as well as a single 
occurrence of a noteworthy orthopyroxene-cordierite gneiss with late-stage anthophyllite.  
 A combination of detailed petrographic analysis and thermobarometric modeling were 
used to constrain the metamorphic conditions of the xenoliths prior to inclusion in the granitic 
rocks as well as during intrusion of the granitic rocks.   P-T conditions of the mafic rocks, 
sillimanite-biotite gneisses and the orthopyroxene-cordierite gneiss were determined using 
―classical‖ geothermobarometry, a petrogenetic grid and ―pseudosection‖ modeling of bulk rock 
compositions using different amounts of H2O, up to H2O saturation. Temperatures are estimated 
by the hornblende-plagioclase, garnet-biotite and Ti-in-biotite geothermometers. Pressures are 
estimated in garnet-bearing assemblages by the garnet-biotite-plagioclase-quartz (GBPQ) and 
garnet-amphibole-plagioclase-quartz (GAPQ) geobarometers. Pseuodosections and a 
petrogenetic grid identified areas in P-T space where assemblages of interest are stable and 
where specific reactions occur.   
Combined results from thermobarometry, petrogenetic grid, pseuodosections and 
petrographic observations indicate four metamorphic events M1-M4. Results from melt 
thermobarometry for mafic xenoliths suggest initial derivation of the protolith from a mid-ocean 





all three rock types and represents pre-intrusion conditions at granulite facies (~775-800°C, 6.0-
7.0 kbar) prior to tectonic mixing of lithologies. A subsequent upper-amphibolite facies and a 
mid-amphibole facies event with rehydration related to the series of 2.8 Ga granitic intrusions are 
seen at ~750°C and 650°C. The associated pressures are not well-constrained. A monazite 
inclusion in a garnet suggests the date of amphibolite facies metamorphism is 2.9 Ga and the 
amphibolite facies events may be temporally equivalent. The most recent event M4 is a 






CHAPTER I. INTRODUCTION 
1. Introduction  
  Investigations of the relatively rare exposures of Archean igneous and metamorphic 
rocks help our understanding of early Earth conditions and processes, including those related to 
heat flow and the initial formation and subsequent geochemical evolution of the crust and 
mantle. Although material from the very earliest period of Earth’s formation, the Hadean, has 
likely been destroyed, Archean rocks, and detritus derived from them, are locally preserved 
worldwide in some stable cratons.  These rocks and minerals can retain a geochemical record 
related to the transition from plume-like to modern-style plate tectonics (Mueller et al., in 
review). One of the best preserved and most accessible Archean terranes for this type of 
investigation is in the Wyoming Province, particularly in the Beartooth Mountains in the 
northern Wyoming Province (Figure 1; e.g. Mueller and Frost, 2006; Mueller et al., 2008, 2010; 
Mueller and Wooden, 2012).  
 The eastern portion of the Beartooth Mountains in the northern Wyoming Province is a 
challenging locale for studying Archean igneous and metamorphic rocks, but one that provides 
important opportunities to understand the Archean evolution of this terrane. The area is 
dominated by 2.8 Ga plutonic rocks that include a diverse series of igneous and metamorphic 
dioritic rocks to metaluminous tonalite-trondhjemite-granodiorite (TTG) suite rocks. Each 
plutonic lithology represents a magmatic unit that was apparently mixed in a ductile environment 
in the middle levels of a 2.8 Ga continental crustal section developed as a response to 
Mesoarchean subduction-zone processes (Mogk et al. 2012; Henry et al. 2012). Within the 
plutonic and meta-plutonic rocks are a variety of xenoliths that preserve information that relates 





extensively studied, but characterization of the metamorphic rocks, including older xenoliths 
within the granitic rocks, remains incomplete. The xenolithic metamorphic rocks of the eastern 
Beartooth Mountains include quartzites, amphibolites, layered amphibolites/mafic granulites, 
metaultramafics, peraluminous gneisses/migmatites, banded iron formation, and granitic and 
anthophyllite-orthopyroxene-biotite-cordierite gneisses.  The purpose of this study is to define a 
general petrogenetic history of the xenolithic lithologies through careful field and petrographic 
observations as well as by determining conditions of metamorphism through a series a traditional 




















CHAPTER II. GEOLOGIC SETTING 
2.1 Wyoming Province 
 The Wyoming Province (Figure 1), a part of the stable North American craton for at least 
2.5 Ga, covers an area of ~500,000 km
2 
and is centered in Wyoming and the surrounding states 
(e.g. Mueller and Frost, 2006). It is divided into three sub-provinces (Figure 2): the Montana 
metasedimentary terrane (MMT; also called the Montana metasedimentary province (MMP) in 
some literature), Beartooth-Bighorn magmatic terrane (BBMT; also called the Beartooth-
Bighorn magmatic zone (BBMZ)) and the Wyoming Greenstone province or terrane (WGP; also 
considered as Southern Accreted Terranes; e.g. Mueller et al., 1996, 1998; Mueller and Frost, 
2006; Mueller et al., 2012). The Wyoming Province is bordered to the north by the Proterozoic 
(1.9 Ga) collisional Great Falls tectonic zone (GFTZ; Mueller et al., 2002), on the east by the 
Trans-Hudson Orogen and on the south by the Proterozoic Cheyenne Belt. The proposed Selway 





Sr=0.706 line bounding Precambrian cratonic rocks and younger western accreted 
exotic oceanic and arc terranes (e.g. Foster et al., 2006; Mueller and Frost, 2006).   
In general, the MMT is characterized by Neoarchean metasediments (quartzites, pelites, 
carbonates) with older Archean (3.2-3.5 Ga) quartzofeldspathic gneisses (e.g. Mueller et al., 
2012). The WGP is composed of late Archean metavolcanics, metagraywackes, pelitic schists, 
quartzites and metamorphosed iron formation (Mueller et al., 2003, 2008; Mueller and Frost, 
2006). The BBMT has mainly trondhjemite-tonalite-granodiorite (TTG) 2.8 Ga metaplutonic 
rocks with occurrences of some older (3.5 Ga) gneisses (e.g. Mueller et al., 2012). The TTG suite 
rocks, the dominant type in the BBMT, are typified by the Long Lake Magmatic Complex 







Figure 1. Map of western North America showing the location of Precambrian provinces and the 
setting of the cratonic Wyoming Province (Foster et al., 2005). The purple areas represent 






Figure 2. Sub-provinces of the Wyoming Province are the Montana metasedimentary terrane, 
Beartooth-Bighorn magmatic terrane and the Wyoming greenstone province. Blocks uplifted 
during the Laramide orogeny are represented by the dark brown areas (Mueller et al., 2012).  
 
SiO2 and represent rapid melting of multiple, compositionally diverse mantle and crustal sources 
emplaced at 2.79-2.83 and injected over a ~40 Ma period in a modern-style oceanic-continental 
convergent margin environment (Mueller et al., 2010).  
Blocks of Archean basement in the BBMT, including the Beartooth Mountains, were 
uplifted during the Laramide Orogeny at ~60 Ma (e.g. Mueller and Frost, 2006; Mueller et al., 
2008). Other Archean blocks in the BBMT include the Bighorn Mountains, Granite Mountains, 
Owl Creek Mountains and the Teton Range in Wyoming. The North and South Madison Ranges, 
Ruby Range and Tobacco Root Mountains in Montana are part of the MMT. The northern parts 





southern portions are Proterozoic rocks of the Cheyenne Belt (e.g. Frost and Fanning, 2006; 
Mueller et al., 2012).  
 These other Laramide uplifts of Archean-age basement in the BBMT (e.g. Bighorn 
Mountains, Owl Creek Mountains, Wind River Range, Teton Range, etc.) have complex 
histories. A 2.6 Ga magmatic event appears to have been more extensive in the area south of the 
Beartooth and Bighorn Mountains in the Teton, Wind River, Granite, and Laramie ranges (Frost 
and Fanning, 2006). U-Pb SHRIMP dating of zircons and titanites reveal a series of 
Mesoarchean (~2.95-2.84 Ga) magmatic intrusions and deformational events in the Bighorn 
Mountains (Frost and Fanning, 2006).   
2.2 Beartooth Mountains 
 The Beartooth Mountains are in the northern part of the Wyoming Province and are 
located along the western state border shared by Wyoming and Montana. They are divided into 
four sub-domains dominated by Precambrian rocks: the North and South Snowy Blocks, the 
Stillwater Block (including the Stillwater igneous complex), and the Beartooth Plateau Block in 
the east (Figure 3). The easternmost part of the Beartooth Plateau Block includes the noteworthy 
localities of Quad Creek (QC), Long Lake (LL), Hellroaring Plateau (HP) and Wyoming Creek 
(WC) which are the focus of this study.  
 Early mapping and petrologic studies of the metamorphic rocks from the eastern 
Beartooth Mountains documented a variety of different lithologies, including abundant xenoliths 
included within granitic gneisses (e.g. Eckelmann and Poldervaart, 1957; Rowan, 1969). The 
xenolithic lithologies include granitic and mafic gneisses, migmatites, ultramafic rocks, iron 
formation, quartzites, amphibolites and schists. Eckelmann and Poldervaart (1957) attributed the 






Figure 3. Sub-domains of the Beartooth Mountains: North Snowy Block, South Snowy Block, 
Stillwater Block and the Beartooth Plateau Block (modified from Mueller et al., 2012). Tertiary 
and Mesozoic sedimentary and volcanic rocks surround the uplifted range. Labeled localities are 
Broadwater River (BW), Hellroaring Plateau (HP), Quad Creek (QC) and Long Lake (LL).  
 
metasomatism). However, more recent interpretation views the area as a variety of older 
metasupracrustal xenoliths over a range of scales, compositions and metamorphic grades that 
became included within the ~2.8 Ga granitic plutons (e.g. Mueller et al., 2012). Even with the 
dominance of the ~2.8 Ga ages, the geochronologic framework in this terrane is more complex. 
Evidence for the earliest geological development of the area is found in detrital zircon 
grains from quartzite and quartz-rich sedimentary xenoliths included within the ~2.8 Ga granitic 
rocks of the Hellroaring Plateau and Quad Creek areas of the eastern Beartooth Plateau Block 





span a continuum of ages from 4.0 to 3.1 Ga with a majority of grains being 3.2-3.4 Ga 
indicative of a significant crust-forming event at that time (Mueller et al., 1998, in review; 
Mueller and Wooden, 2012). The large population at 3.2-3.4 is a common characteristic of the 
eastern Beartooth Plateau Block, North Snowy Block and South Snowy Block detrital zircons 
(Mueller et al., 1998).  Detrital zircon ages younger than 3.1 Ga were not documented implying 
that the deposition of the quartzites must have been after 3.1 Ga, but before the 2.8 Ga TTG 
plutonism. The trace elements and Lu-Hf contents of the oldest subpopulation of detrital zircons) 
indicate an increasing geochemical signal representing the transition from plume-dominated 
tectonics to the onset of subduction-dominated tectonics starting around ~3.6 Ga (Mueller and 
Wooden, 2012; Mueller et al., in review). Ti-in-zircon temperatures of these oldest zircon grains 
indicate protolith crystallization temperatures between 650-850ºC, consistent with typical 
liquidus temperatures for TTG rocks (Mueller and Wooden, 2012).  There are some gneissic and 
migmatitic (TTG suite) xenoliths that preserve geochronological information that pre-dates the 
surrounding ~2.8 Ga plutonic rocks.  U-Pb zircon ages for these rocks range from 3.1 to 3.5 Ga 
(Mueller et al., in review). Whole rock and trace element chemical data indicate that the majority 
of these rocks are of igneous origin with chemical affinities consistent with calc-alkaline basalts 
and island-arc tholeiites.  
Mesoarchean granitic and TTG rocks volumetrically dominate the Beartooth Plateau 
Block (and the BBMT). These rocks, designated as the Long Lake Magmatic Complex (LLMC), 
are metamorphosed and range from amphibolites and amphibole-bearing gneisses of 
diorite/tonalite composition to TTG suite rocks to granites (Mueller et al., 2010). The LLMC 
lithologies were injected in a lit-par-lit fashion and exhibit both syn- and post-kinematic textural 





have developed along an Archean continental margin as a result of subduction of oceanic 
lithosphere and clastic sediments (Mueller et al., 2010). In the Quad Creek area the U-Pb zircon 
ages of several granitic gneisses are consistent with the LLMC time frame i.e. 2.819 ± 0.007, 
2.833 ± 0.010 and 2.825 ± 0.012 Ga (Mueller et al., 2010).  
2.2.1 Metamorphic ages and age constraints of xenoliths  
The xenoliths found in the eastern Beartooth Plateau Block include a variety of 
lithologies from TTG gneisses to a range of metasupracrustal rocks. The metasupracrustal 
lithologies are commonly tectonically interleaved along high-grade ductile shear zones and 
locally exhibit multiple generations of disharmonic folds that are not found in the enclosing 
granitic rocks (Henry et al., 1982). Field and petrographic evidence indicates that there are 
multiple stages of metamorphism variably exhibited in throughout the variety of lithologies: (1) 
an early granulite facies metamorphism [M1], (2) an amphibolite facies overprint [M2], (3) a 
possible localized granulite overprint proximal to one generation of felsic veins [M3] and a later 
lower grade hydration/alteration overprint (Henry et al., 1982; Mueller et al., 2010). 
The different xenolithic lithologies of the eastern Beartooth Plateau Block have distinct 
petrologic features of the granulite-facies metamorphism and amphibolite-facies overprint. For 
example, granulite-facies are indicated in the mafic lithologies by the development of 
orthopyroxene and in peraluminous lithologies K-feldspar is present without peak metamorphic 
muscovite. One of the most instructive lithologies are the peraluminous migmatites, diatexites 
and metatexites, that have the diagnostic granulite-facies mineral assemblage quartz + 
plagioclase + K-feldspar + biotite + sillimanite ± garnet ± cordierite (Maas and Henry, 2002; 





complete replacement of pyroxene by amphibole in mafic and ultramafic rocks and development 
of a later generation of coarse-grained muscovite in peraluminous lithologies. 
A limited amount of thermobarometric data from the eastern part of the Beartooth Plateau 
Block has been published (Henry et al., 1982; Maas and Henry, 2002; Mueller et al, 2008 and 
Mueller et al., in review). A garnet-biotite (Ferry & Spear, 1978) temperature from a Quad Creek 
garnet-granulite indicates a temperature of 810 ± 26°C and a garnet-orthopyroxene-plagioclase-
quartz barometer (Perkins & Newton, 1981) pressure of 5684 ± 63 bars (Henry et al., 1982). Two 
thermometers, garnet-clinopyroxene (Dahl, 1980) and orthopyroxene-clinopyroxene (Wells, 
1977), applied to an ironstone from the same area indicate similar conditions of 746 and 784°C, 
respectively (Henry et al., 1982). Based on a combination of application of several 
geothermobarometers and mineral assemblage evolution related to a KFMASH petrogenetic 
grid, the peraluminous migmatites are considered to have reached 750-800°C and 6-8 kbar at 
peak metamorphism along a slight counter-clockwise PT path (Figure 4; Maas and Henry, 2002).  
The ages of metamorphism events are currently equivocal, but there are several 
constraints. The earliest metamorphism will be younger than the age of deposition of the quartz-
rich rocks i.e. ~3.2 Ga. The age of the surrounding LLMC rocks is 2.79-2.83 Ga and likely sets a 
limit on the age of one of the later metamorphic overprints. Distinct metamorphic zircon 
overgrowths on the >3.2 Ga detrital zircon grains in a Hellroaring Plateau quartzite illustrate new 
zircon growth at 2.7-2.8 Ga, roughly corresponding with the major magmatism of the LLMC 
(Mueller et al., 1998). Earlier Rb-Sr systematics suggested ages as old as 3390 ± 55 Ma ranging 
to ~2.8 Ga, but the Rb-Sr systematics are likely to have been disturbed (Henry et al., 1982; 









Figure 4. A KFMASH petrogenetic grid for peraluminous migmatites from the Hellroaring 
Creek area showing the range of metamorphic conditions indicated by thermobarometry in grey 
at 750-800°C and 6-8 kbar with an interpreted counter-clockwise PT path (Maas and Henry, 
2002).  
 In the Broadwater River area of the southwestern part of the Beartooth Plateau Block, 
two metamorphic events were identified through analysis of compositionally diverse 
metasedimentary xenoliths included within the granitic gneisses and coeval migmatites. The first 





accompanied by folding. The second event, more similar to the amphibolite conditions at Quad 
Creek, has been viewed as a contact-related event resulting from injection of granitic rocks along 
relict bedding planes at 630°C and 5 kbar (Timm, 1982). The first event appears to be most 
consistent with the metamorphic conditions of the comparably-aged rocks South Snowy Block in 
Yellowstone National Park (Henry et al. 2012).  
In part of the central South Snowy Block within Yellowstone National Park, peak 
metamorphic conditions in two localities for the Jardine Metasedimentary Sequence (JMS) are 
572-609°C and 3.4–5.9 kbar, and an equivalent 560-616° and 4.0-5.5 kbar (Garnet Hill). All 
plutonic rocks, which must be younger than the metamorphic rocks, due to cross-cutting field 
relations, have zircon U-Pb ages of 2.8 Ga. An older 3.24 Ga grey gneiss (Junction Hill) 
preserves higher temperature and pressure conditions (821-863°C and 7.0-7.3 kbar; Mogk et al., 
2012).  
The metamorphic conditions preserved in the South Snowy Block Archean rocks of 
Yellowstone National Park combined with those in the eastern Beartooth Mountains suggest an 
increase in metamorphic grade of the metasupracrustal from west to east. Detrital zircons derived 
from Yellowstone quartzites have an age distribution different from that found in detrital grains 
from the Beartooth Mountains, indicating different sources of the detritus (Mogk et al., 2012).  
2.2.2 Structure 
Open folds plunging southwest to south-southeast define the principal structural trend of 
the area, in both the xenoliths and the surrounding granitic rocks (e.g. Rowan, 1969; Rowan & 
Mueller, 1971). The Quad Creek synform and a series of Wyoming Creek antiforms are the large 
structures located in the region and are considered part of the F2 generation of folding, plunging 





outcrop scale as small intrafolial isoclines rotated by the F2 deformation (Rowan, 1969). It is 
possible there were also F3 and F4 deformational events, now manifest as open folds locally 

























CHAPTER III. METHODS  
3.1 Field Methods   
 Field work was done in the eastern part of the main Beartooth Block, approximately 16 
kilometers south of Red Lodge, MT, via U.S. Highway 212, to collect a total of 35 unoriented 
samples for further examination during summer 2010 by Darrell Henry, Celina Will and Dana 
Thomas. These samples cover an area of approximately 54 km
2
 and complement an extensive 
existing suite of metamorphic rocks from the Beartooth Mountains housed at the Louisiana State 
University Department of Geology and Geophysics. Samples were chosen for their geographic 
location and for the mineral assemblage’s relevancy for geothermobarometry.  
  Sample locations were recorded with a GPS and the Rowan (1969) geologic map was 
used as a general guide. Each sample collected was labeled starting with ―10‖ (to designate 
2010), followed by an abbreviation of the locality (i.e. LCP for Line Creek Plateau, QCP for 
Quad Creek Plateau, etc.), and three numbers denoting the day of the month. After a dash, the 
final number chronologically identifies samples collected from a particular locality on a certain 
day. Fourteen samples were collected from Line Creek Plateau, 10 from Quad Creek Plateau, 1 
from lower Quad Creek, 3 from Wyoming Creek, 4 from High Line Trail and 3 from Christmas 
Lake.  
3.2. Petrographic and Microanalytical Methods 
 3.2.1 Petrographic Analysis 
 A polished thin section of each sample was prepared by Spectrum Petrographics, Inc. 
Each thin section was examined to identify the mineral assemblage and for textural information 
in plane polarized light (PPL) and crossed-polarized light (XPL) using an Olympus BH-2 





photomicrographs captured typical fields of view and additional selected features. Whole thin 
sections were scanned using a Nikon Super Coolscan 5000 before carbon coating. Backscattered 
electron (BSE) imaging of individual titanite grains using the JEOL 840A scanning electron 
microscope (SEM) at Louisiana State University as reconnaissance for possible titanite 
geochronology was done at a working distance of 13 mm, 15 kV acceleration voltage and a beam 
current of 3 x 10
-9
 amps.  
Table 1: Minerals and their abbreviations. 
ab albite il ilmenite 
am amphibole ky kyanite 
and andalusite ma margarite 
ant anthophyllite oam orthoamphibole 
ap apatite opx orthopyroxene 
bt biotite pin pinite 
cam clinoamphibole pl plagioclase 
chl chlorite qz quartz 
cpx clinopyroxene rt rutile 
crd cordierite ser sericite 
ctd chloritoid sil sillimanite 
cz clinozoisite st staurolite 
ep epidote tlc talc 
gr graphite ttn titanite 
gt garnet zr zircon 
hbl hornblende 
   
 3.2.2 Mineral Chemical Analysis 
 Amphibole, alkali-feldspar, biotite, cordierite, epidote, garnet, muscovite, plagioclase and 
pyroxene were quantitatively analyzed by wavelength-dispersive spectrometry (WDS) using the 
JEOL JXA-733 electron microprobe (EPMA) at Louisiana State University using an accelerating 
potential of 15 kV, 10 nA beam current and a 2 µm focused beam. A set of well-characterized 
natural mineral standards were used and routinely analyzed as unknowns to check for instrument 





plagioclase, Smithsonian chromite, Smithsonian fluorapatite, Toronto albite, Toronto almandine, 
Toronto rhodonite, Toronto sanidine and Toronto tugtupite (Table 2). Minimum detection limits 
for less abundant oxides are TiO2=0.04, Cr2O3=0.08, MnO=0.05, BaO=0.07, K2O=0.03 and 
Cl=0.03.Precision determined by standard deviation of repeated analyses of standards is SiO2 
 0.09-0.26, TiO2 0.08-0.12, Al2O3 0.12-0.18, Cr2O3 0.01, FeO 0.02-0.25, BaO 0.01-0.04, MnO 
0.03, MgO 0.01-0.12, Na2O 0.03-0.10, K2O 0.03-0.10. Cl 0.01 wt % oxide. 
Normalization of EPMA weight percent oxide data was done on the basis of 8 oxygens 
for feldspars, 12 oxygens for garnet, 12.5 for epidote, 24 oxygens for biotite, 23 oxygens for 
amphiboles and 6 oxygens for pyroxenes. Fe
3+
 was calculated by charge balance, when 
appropriate.
 
Monoclinic calcic amphiboles and orthorhombic amphiboles were classified on the 
basis of Si (apfu) and XMg=Mg/(Mg+Fe
total
) after Leake et al. (1997).  
 
 
3.3 Determination of Pressure-Temperature Conditions 
There are several approaches to the determination of pressures and temperatures – each 
with their own advantages and disadvantages. They fall under three general categories: 
thermobarometers, petrogenetic grids and pseudosections.  
Si Toronto almadine Toronto albite Kakanui hornblende Kakanui hornblende
Ti Kakanui hornblende * Kakanui hornblende Kakanui hornblende
Al Toronto almadine Lake County plagioclase Kakanui hornblende Kakanui hornblende
Cr Smithsonian chromite * Smithsoanian chromite Smithsonian chromite
Fe Toronto almadine Kakanui hornblende Kakanui hornblende Kakanui hornblende
Mn Toronto rhodonite * Toronto rhodonite Toronto rhodonite
Mg Kakanui pyrope Kakanui hornblende Kakanui hornblende Kakanui hornblende
Ca Grossular 55 Lake County plagioclase Kakanui hornblende Kakanui hornblende
Ba * Toronto sanidine Toronto sanidine Toronto sanidine
Na * Toronto albite Kakanui hornblende Kakanui hornblende
K * Toronto sanidine Toronto biotite Kakanui hornblende
F * * Smithsonian flourapatite Smithsonian fluorapatite
Cl * * * Toronto tugtupite
Table 2: Mineral standards used for Electron Microprobe analyses.
Standard for garnet 
analysisElement
Standard for feldspar 
analysis








 3.3.1 Thermobarometers 
 Traditional geothermometers and barometers exploit temperature and pressure-sensitive 
continuous and discontinuous reactions using quantitative mineral compositions to determine 
metamorphic temperatures and pressures of equilibrium. Types of reactions include exchange 
reactions (e.g. Fe-Mg exchange between garnet and biotite) and net transfer reactions (e.g. the 
GASP barometer). Single phase thermometers or barometers use only the content of a particular 
element in a phase (e.g. Ti in biotite thermometry or Al in hornblende barometry for igneous 
rocks).   
In this study, mineral chemistry data acquired from EPMA were used to calculate 
metamorphic temperature and pressure. The GBPQ (garnet-biotite-plagioclase-quartz) barometer 
(Wu et al., 2004) and GAPQ (garnet-amphibole-plagioclase-quartz) barometer (Kohn & Spear, 
1990) calculated pressure. Thermometers used were amphibole-plagioclase (HB; Holland & 
Blundy, 1994), Ti-in-biotite (TIB; Henry et al., 2005) and garnet-biotite (GB; Holdaway, 2000). 
Assumed pressures of 5.0, 6.0 and 7.0 kbar were used with the amphibole-plagioclase 
thermometer. 
There have been multiple calibrations of the garnet-biotite thermometer based on 
partitioning of Fe and Mg between the two phases, including Bhattacharya et al. (1992) and 
Holdaway (2000). The Holdaway (2000) calibration has a precision of ±25°C and was chosen as 
the optimal one for this study.  
The garnet-biotite-plagioclase-quartz (GBPQ) barometer of Wu et al. (2004) was 
empirically-calibrated for metapelites using the Holdaway (2000) garnet-biotite thermometer and 





temperature and pressure are 515-878°C and 1.0-11.4 kbar when XGrs >3% in garnet, XAn>17% 
in plagioclase and XAl>3% in biotite. The GBPQ pressure has an uncertainty of ±1.2 kbar.  
 The Ti-in-biotite thermometer (Henry et al., 2005) is an empirically-calibrated, single 
phase thermometer based on the temperature-dependent incorporation of Ti in the biotite 
structure. It can be applied to rocks having equilibrated at ~4-6 kbar and 480-800°C, with a 
precision of ±24°C improving to ±12°C above 700°C. The Ti-in-biotite thermometer is 
calibrated with an assemblage containing graphite, a Ti-saturating phase (i.e. rutile or ilmenite), 
and with Ti = 0.04-0.60 atoms per formula unit (apfu) and XMg = 0.275-1.000 in biotite after 
normalization to 22 oxygens.  
 The amphibole-plagioclase thermometer (Holland & Blundy, 1994) can be applied to 
rocks having equilibrated at 400-1000°C and 1-15 kbar in a variety of bulk compositions. There 
are two equilibria:  
 A) edenite + 4 quartz =  tremolite + albite 
 B) edenite + albite  =  richterite + anorthite 
Thermometer B can be applied to quartz-absent assemblages. Either thermometer A or B can be 
used with silica-saturated assemblages. The precision is ±40°C. Thermometer B is used in this 
study.  
The Lee et al. (2009) thermobarometer uses bulk rock SiO2 and MgO contents to estimate 
the pressure and temperature of mafic magma generation (i.e. the depth and temperature at which 
liquidus melting produced the basaltic protolith of the amphibolites and/or mafic granulites in 
this study). Uncertainties are ±0.20 GPa (2.0 kbar) in pressure and ±3% of the temperature. The 
calibration range is for compositions with >8.5 wt% MgO and >40% SiO2. Based on a 





at which melting occurs can be indicative of a specific tectonic regime. Lee et al. (2009) found 
all MORBs from the East Pacific Rise and Mid-Atlantic Ridge were produced between 1300-
1400°C and 0.7-1.7 GPa (7.0-17.0 kbar). Melting conditions of arc basalts from subduction 
zones are variable and dependent on primary water content, knowledge of which might be 
impossible to ascertain. Artificial addition of water to 7 wt % increases pressure by up to 4.0 
kbar and decreases temperature by 150-200°C. However, most pressures, regardless of water 
content, were found to be <20 kbar. Compositions with <1% H2O are hotter (~1350°C) 
compared to ~1150°C melting with ~7 wt% H2O. Both types of intraplate magmatism, produced 
by hotspots and decompression melting, are higher pressure at 20-50 kbar for hotspots and 20-30 
for decompression. Hotspot-induced melting also happens at higher temperatures (1450-1600°C) 
but decompression melting temperatures are similar to those at mid-ocean ridges and subduction 
zones (~1350-1450°C).  
Whole rock compositions for mafic rocks from the eastern Beartooth Mountains with >40 
wt % SiO2 and >8.0 wt % MgO were compiled from the literature and collection and used in the 
Lee et al. (2009) excel program. Constraints in the program (a variable KD=0.32, Mg#=0.9, 
mass increment=0.005, and fO2=0.1) were chosen to enable comparison of results with those 
compiled by Lee et al. (2009) for different tectonic settings.  
3.3.2 Petrogenetic Grids 
Petrogenetic grids are a type of P-T-X diagram used to constrain pressure and 
temperature. Petrogenetic grids show a sub-set of the most important reactions that are expected 
to occur within a general bulk composition. Using a petrogenetic grid combined with mineral 





petrogenetic grid is used to interpret the limits of pressure and temperature reached by 
sillimanite-biotite gneisses in this study.  
 3.3.3 Equilibrium Assemblage Diagrams (Pseudosections) 
 Phase relationships calculated using internally-consistent thermodynamic databases can 
also be used to constrain the conditions and evolution of metamorphic rocks. The most popular 
computer programs to perform these calculations include THERMOCALC (Powell and Holland, 
1988), Perple_X (Connolly, 1987), TWQ (Berman, 1997) and Theriak/Domino (de Capitani and 
Petrakakis, 2012). Equilibrium assemblage diagrams, or pseudosections, model the stability of 
mineral assemblages (or mineral compositions) over a range of pressure and temperature (or 
other parameters) for a fixed, user-specified bulk composition.  
 Each of these programs has advantages and disadvantages, but for the purposes of this 
study the Theriak/Domino program was chosen. Theriak/Domino has a distinct advantage 
because of the program’s relative ease of use in quickly generating multiple types of diagrams 
and the ability to use the same thermodynamic databases used by other programs, facilitating 
comparisons between multiple approaches.  The default database packaged with Theriak/Domino 
(JUN92) uses thermodynamic data identical to the TWQ database (Berman, 1985). The 
THERMOCALC database using data from Holland and Powell (1998) has been reformatted for 
use in Theriak/Domino and has been updated with the most recent amphibole and pyroxene 
models (Diener et al., 2012). The THERMOCALC database has been used extensively in the 
literature, but because it can be adapted for the Theriak/Domino program this is the database 
used for modeling here. 
 Theriak-Domino version 03.01.2012 running a thermodynamic database file converted 





models to Theriak-Domino format (D. Tinkham, personal communication) was used to generate 
pseudosections in a variety of systems. The amount of H2O (i.e. molecular proportion of H 
assumed in the rock at the time of equilibration of a given stage of the rock history) used for the 
calculations were varied from completely dry (H=0) to excess water conditions (H=200) and the 
amount of oxygen was automatically calculated on a stoichiometric basis in the setup file (―O(?)‖ 
in file THERIN). The Excel spreadsheet program Rock Maker (Büttner, 2012) was used to 
convert bulk rock analyses reported in weight % oxides to moles of elements. To convert from 
molecular proportions to moles of elements, values for Al2O3, K2O, Na2O3, Fe2O3 and H2O were 
doubled. The values for SiO2, MgO, CaO, FeO and TiO2 were unmodified. This approach is 
consistent with an example pseudosection recreated with Theriak Domino published on the 
Theriak Domino website: http://titan.minpet.unibas.ch/minpet/theriak/theruser.html (de Capitani, 
2012). 
Before applying this program to Beartooth Mountains data, published pseudosections 
originally generated using either THERMOCALC or Theriak-Domino of various bulk 
compositions from the literature (Diener et al., 2008; Nagel et al., 2012) were reproduced to 
check procedural consistency. Figures 2 and 4a from Diener et al. (2008) were reproduced as 
typical H2O-saturated cordierite-anthophyllite gneiss compositions in FeO-MgO-Al2O3-SiO2-
H2O (FMASH) and N2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O (NCKFMASH) systems, 
respectively, each from 450-750°C and 1-16 kbar. For mafic rocks, Figures 2a and 2b from 
Nagel et al. (2012) were reproduced as examples of H2O-saturated typical N-MORB and 
tholeiitic bulk compositions in N2O-CaO-FeO-MgO-Al2O3-SiO2-H2O-TiO2 (NCFMASHT) from 





The reproduced Diener et al. (2008) diagrams are impressively similar to the original 
model calculation figures. The most significant difference in Figure 2 is a smaller chlorite field.  
In Figure 4a, the more significant differences in diagram topology occur above >10 kbar and are 
a result of excluding paragonite from the considered phases in this study. The smaller 
inconsistencies between the published and reproduced figures are attributed to slight differences 
in solution models: Diener et al. (2008) uses the same garnet solution model, but with slightly 
modified solution parameters and older, but also slightly modified, clinoamphibole and 
orthoamphibole model (Diener et al., 2007), and the clinopyroxene model of Green et al. (2007) 
instead of Diener et al. (2012).  
The Nagel et al. (2012) diagrams were originally produced using the Holland & Powell 
(1998) thermodynamic dataset, Diener et al. (2007) amphibole and White et al. (2007) melt 
models. The solidus and lower pressure limit of garnet stability, highlighted by a black bold line 
and bold red line in the original diagrams, respectively, occur in essentially the same positions on 
the reproduced diagrams. Additionally, the overall topology is congruent with the originals. The 
one significant difference is olivine in the reproduced diagrams occurs at lower pressure than the 
original versions. Although the same olivine model is used (Holland and Powell, 1998), 
differences in other solution models (e.g. pyroxenes and amphiboles) might have effects. 
For the biotite-cordierite-orthopyroxene/anthophyllite gneiss from Quad Creek Plateau, 
the published whole rock data in weight percent oxides of Eckelmann and Poldervaart (1957) 
was renormalized to 100 and converted to molecular proportions in K2O-Fe2O3-FeO-MgO-
Al2O3-SiO2-H2O-TiO2 (KFMASHT). Calculations were done under dry, stochiometrically-
calculated H2O, and H2O-saturated conditions. The temperature and pressure ranges examined 





when necessary. Phases considered and a-x models used are garnet and biotite (White et al., 
2007), chloritoid, cordierite, epidote, staurolite and talc (Holland & Powell, 1998), 
clinopyroxene, clinoamphibole and orthoamphibole (Diener et al., 2012), orthopyroxene (White 
et al., 2002), chlorite (mnchl added and mnames not considered; Holland & Powell, 1998; Mahar 
et al., 1997), white mica (excluding margarite component; Coggon & Holland, 2002), and 
feldspar (Holland & Powell, 2003). Albite, aluminosilicates, H2O, ilmenite (ideal ternary), rutile, 
titanite and quartz are pure end-member phases.  
 For the mafic rocks, the published whole rock data of a clinopyroxene-free amphibolite 
was used (sample 125/55; Eckelmann & Poldervaart, 1957). Considered phases and a-x models 
were the same as above. Additionally, EPMA data of phases combined with modal abundances 
of each phase was used to reconstruct whole rock bulk composition values for cm-scale domains 
in a representative heterogeneous, layered amphibolite/granulite rock. Due to the scale of 
heterogeneity typically exhibited by these rocks, traditional whole rock analysis would lead to an 







Figure 5. A. Figure 2a from Diener et al. (2008) originally produced in THERMOCALC. Labeled fields are: 1. gl act mu pa chl law 2. 
hb act mu pa chl 3. gl hb act mu pa chl 4. gl act bi mu pa chl 5. gl act mu pa chl ab 6. act bi mu pa chl ab 7. act mu pa chl ab cz 8. act 
mu chl pl 9. act bi mu chl pl 10. act bi mu chl ab cz 11. bi mu chl ab cz 12. act bi mu chl pl cz 13. hb act bi mu chl pl 14. hb bi mu pa 
chl pl 15. hb act bi mu pa chl 16. g hb bi mu pa chl 17. hb bi pa chl pl 18. hb ky bi chl pl 19. als bi mu chl pl 21. als cd bi chl pl 22. ta 
cd bi chl pl 23. ged ky bi chl pl 24. ged ta ky bi chl pl 25. ged hb ky bi chl pl 26. ged hb ta ky bi pl 27. oam ta cd bi pl liq H2O 28. oam 
ta cd bi pl liq 29. oam cd bi pl liq H2O 30. ged hb ta ky bi pl liq 31. ged hb ta ky bi liq 32. ged hb ky bi liq 33. ged ky cd bi pl liq. 
Abbreviations are the same as Figure 6A. B. Calculation of pseudosection using the same input data as in A generated with Theriak-





Figure 6. A. Figure 4a from Diener et al. (2008) originally produced in THERMOCALC. Labeled fields are: 1. gl act mu pa chl law 2. 
hb act mu pa chl 3. gl hb act mu pa chl 4. gl act bi mu pa chl 5. gl act mu pa chl ab 6. act bi mu pa chl ab 7. act mu pa chl ab cz 8. act 
mu chl pl 9. act bi mu chl pl 10. act bi mu chl ab cz 11. bi mu chl ab cz 12. act bi mu chl pl cz 13. hb act bi mu chl pl 14. hb bi mu pa 
chl pl 15. hb act bi mu pa chl 16. g hb bi mu pa chl 17. hb bi pa chl pl 18. hb ky bi chl pl 19. als bi mu chl pl 21. als cd bi chl pl 22. ta 
cd bi chl pl 23. ged ky bi chl pl 24. ged ta ky bi chl pl 25. ged hb ky bi chl pl 26. ged hb ta ky bi pl 27. oam ta cd bi pl liq H2O 28. oam 
ta cd bi pl liq 29. oam cd bi pl liq H2O 30. ged hb ta ky bi pl liq 31. ged hb ta ky bi liq 32. ged hb ky bi liq 33. ged ky cd bi pl liq. 
Abbreviations are the same as Figure 7A. B. Calculation of pseudosection using the same input data as in A generated with Theriak-








Figure 7. A. Figure 2a (Nagel et al., 2012). Abbreviations are Grt=garnet, Cpx=clinopyroxene, Am=amphibole, Qtz=quartz, Rt=rutile, 
Pl=plagioclase, Ttn=titanite, Ilm=ilmenite, Ol=olivine. B. Calculation of pseudosection using the same input data as in A, with major 







Figure 8. A. Figure 2b from Nagel et al. (2012). Abbreviations are the same as in Figure 6A. B. Calculation of pseudosection using 








CHAPTER IV: RESULTS 
4.1 Sample Locations 
 Thirty-four amphibolite, mafic granulite, peraluminous gneiss and cordierite-
orthopyroxene gneiss samples were collected from the Quad Creek Plateau (QCP), Wyoming 
Creek (WC), Line Creek Plateau (LCP), High Line Trail (HLT) and Christmas Lake (CL) 
localities in the eastern Beartooth Mountains. These samples occur as isolated xenoliths or as 
xenolithic packages of partially mylonitized supracrustal rocks in granites and granitic gneisses 
(likely part of the LLMC). The sample locations are specifically given in Table 3 and shown in 
Figure 9. The samples mineral assemblage data are summarized in more detail for each sample in 
Appendix A. 
Table 3. Locations of samples collected during the summer 2010 field season.   
10LCP727-01 45.0121 -109.37450 lineated Zrn, Bt, Ttn-bearing Qz-Chl-Ser-Hbl amphibolite
10LCP727-02 45.0121 -109.37450 Zrn and Ttn-bearing Qz-Pl-Hbl amphibolite with quartzofeldspathic vein
10LCP727-03 45.0121 -109.37450 Zrn-bearing Sil-Pl-Bt-Qz mylonite
10LCP727-05 45.0121 -109.37450 Zrn-bearing Ep-Ttn-Pl-Qz-Hbl amphibolite with Cpx granulite layers
10LCP727-07 45.01134 -109.37334 lineated Qz-Ser-Hbl amphibolite
10LCP727-08 45.01134 -109.37334 Zrn-bearing Sil-Bt-Qz mylonite
10LCP727-09 45.01134 -109.37334 Zrn-bearing Sil-Ser-Bt-Qz mylonite
10LCP727-10 45.01134 -109.37334 Zrn and Rt-bearing graphitic Sil-Bt-Kfs-Qz mylonite
10LCP727-11 45.01134 -109.37334 Zrn and Rt-bearing graphitic Sil-Bt-Ser-Qz mylonite
10LCP727-12 45.01134 -109.37334 Zrn, Bt and Rt -bearing quartzite
10LCP727-13 45.01134 -109.37334 serpentinite 
10LCP727-14 45.01134 -109.37334 Chl-bearing actinolitite 
10QCP728-01 45.03007 -109.40462 Zrn, Ttn and Pl-bearing Ep-Cpx-Qz-Ser-Amp migmatite
10QCP728-02 45.03007 -109.40462 Zrn and Rt-bearing Qz-Bt-Ath-Crd-Opx gneiss
10QCP728-03 45.03007 -109.40462 Talcified & Chloritized Zrn-bearing Qz-Rt-Ath-Opx-Crd gneiss
10QCP728-04 45.03007 -109.40462 Zrn and Rt-bearing Ath-Bt-Qz-Opx-Crd gneiss
10QCP728-05 45.03007 -109.40462 Zrn and Ath-bearing Bt-Qz-Crd-Opx gneiss
10QCP728-06 45.03375 -109.40783 Amp-Ser-Chl migmatite
10QCP728-07 45.03375 -109.40783 Tlc chromitite with cross-cutting actinolite vein
10QCP728-08 45.03121 -109.41177 Pl-Qz-Hbl amphibolite
10QCP728-09 45.03121 -109.41177 Hbl-bearing Gt-Bt gneiss
10QCP728-10 45.03121 -109.41177 Rt-bearing Sil-Qz migmatite
10WC729-01 45.00737 -109.40034 Zrn and Ttn-bearing Pl-Bt-Qz-Kfs granitic gneiss
10WC729-02 45.00945 -109.39622 Zrn-Opq-Ttn-Kfs-bearing Pl-Pxy-Qz-Ep-Hbl amphibolite
10WC729-03 45.00325 -109.40231 Zrn and Bt-bearing Qz-Kfs gneiss
10HLT730-01 44.99398 -109.40924 Zrn and Ttn-bearing Qz-Opq-Bt-Kfs gneissic migmatite
10HLT730-02 44.99398 -109.40924 Ttn, Zrn, Pxy-bering Qz-Bt-Hbl-Pl gneiss
10HLT730-03 44.98741 -109.41186 Ttn, Zrn and Ap-bearing Amp-Pl-Qz amphibolite
10HLT730-04 44.9861 -109.39931 banded ironstone
10CL731-01 44.96923 -109.43683 mafic dike
10CL731-02 44.97432 -109.42854 Ttn and Pxy-bearing Pl-Qz-Hbl amphibolite
10CL731-03 44.96674 -109.41955 Sericitized Zrn and Ttn-bearing Qz-Chl-Hbl amphibolite
10LQC-01 45.04741 -109.4177 Zrn and Ttn-bearing Bt-Qz-Pl tonalitic gneiss
Latitude Longitude
45.0121 Zrn-bearing Ep-Hbl amphibolite with Cpx granulite layers and cross-cutting quartzofeldspathic vein-109.37450
Table 2: List and locations of samples collected during the summer 2010 field season. 












4.2 Mafic Rocks 
  
Mafic xenolithic rocks were investigated because they reveal the chemical nature of the 
protolithic rocks as they relate to lithological environments, can be used to estimate that melting 
conditions of these rocks in the Archean lithosphere and can provide important constraints on the 
PT evolution of the area.  
 
 4.2.1 Bulk Compositions 
 
Selected rocks from the Quad Creek area with broadly mafic compositions generally have 
SiO2 values between ~50-60 wt % oxide. Some more intermediate compositions (e.g. QC-53) are 
included in this section based on their metamorphic assemblage, and for simplification. Based on 
a TAS classification, the volcanic equivalents to these metamorphic rocks are dacites, andesites, 
basaltic andesites and basalts (Table 4). Pseudosections and  melting conditions were generated 
for samples QC-51 and QC-53, which are chemically equivalent to a basaltic andesite and an 
andesite, respectively. 
Table 4: Bulk compositions of samples in wt % oxides with their TAS volcanic classification 
name. Non-QC samples are from Eckelmann & Poldervaart (1957) with their reported 
metamorphic lithologies. QC sample data are from Mueller et al. (1982) and Mueller (personal 
communication).  
 
Sample SiO2 TiO2 Al2O3 Fe2O3 FeO Fe
tot
MnO MgO CaO Na2O K2O P2O5 H2O (total)CO2 total (-Fe
tot
)
QCMS-2 gneiss andesite 57.62 0.57 16.65 3.13 4.89 7.70 0.15 5.16 7.42 2.98 1.20 0.10 0.79 0.04 100.70
QC-3 gneiss basalt 49.64 0.73 13.27 2.91 8.97 11.59 0.17 9.31 10.23 2.03 0.27 0.05 1.56 0.09 99.23
QC-42 gneiss basaltic andesite 52.76 0.58 14.69 1.99 7.35 9.14 0.16 8.22 10.19 2.24 0.36 0.08 0.57 0.10 99.29
QC-44 gneiss basaltic andesite 52.97 0.57 14.05 2.08 7.98 9.85 0.00 8.80 9.50 2.39 0.32 0.07 0.55 0.05 99.33
QC-51 gneiss basaltic andesite 52.26 0.65 13.42 1.70 8.96 10.49 0.15 9.73 8.81 2.43 0.43 0.05 2.10 0.09 100.78
QC-52 gneiss basaltic andesite 53.19 0.61 14.34 10.14 11.53 20.64 1.29 5.12 0.91 0.15 1.65 0.02 1.23 0.16 100.34
QC-53 gt-gneiss andesite 61.65 0.89 15.37 2.28 6.96 7.04 0.11 3.27 6.37 0.64 1.52 0.13 0.86 0.12 100.17
125/53 para-amphibolite andesite 52.76 0.40 12.56 1.86 7.10 8.77 0.27 10.79 8.14 2.61 1.28 0.04 0.93 1.01 99.75
111/54 amphiblite basalt 50.77 0.34 14.43 2.46 8.61 10.82 0.14 8.45 10.68 1.20 0.96 0.30 1.61 - 99.95
127/54 ultramafic basalt 45.82 0.20 10.29 2.44 6.47 8.66 0.14 25.00 6.84 1.00 - 0.40 2.48 - 101.08
259/54 metagabbro basaltic andesite 53.31 0.35 15.71 1.66 6.19 7.68 0.12 10.52 6.17 2.50 1.18 0.06 0.73 1.48 99.98
177/54 metagabbro basaltic andesite 52.63 0.46 11.96 2.46 5.48 7.69 0.13 9.96 9.25 3.11 1.18 0.10 0.73 2.02 99.47
24/53 metanorite basaltic andesite 54.08 0.35 8.54 1.57 9.25 10.66 0.12 15.97 6.42 1.32 0.74 0.07 1.44 - 99.87
20/53 metanorite basaltic andesite 52.98 0.38 8.28 1.52 10.32 11.69 0.19 19.53 3.98 1.11 0.46 0.05 0.78 - 99.58
5 /'54 norite dike basalt 50.62 1.00 12.79 2.05 8.97 10.81 0.15 11.00 8.94 2.37 0.50 0.07 0.50 0.84 99.80
176/54 bt-hbl migmatite dacite 68.10 0.39 15.01 1.21 2.27 3.36 0.06 1.30 3.32 4.20 2.28 0.13 0.69 0.45 99.41
57/54 bt-hbl migmatite dacite 62.10 0.54 16.01 1.02 4.48 5.40 0.15 3.70 4.79 3.64 1.58 0.08 1.15 - 99.24
281/53 bt-hbl migmatite andesite 61.24 0.64 18.72 0.10 2.13 2.22 0.09 3.07 5.40 3.77 2.30 0.19 1.17 0.67 99.49
404/53 bt-hbl migmatite basaltic andesite 55.05 1.36 14.92 4.27 6.07 9.91 0.22 3.51 6.57 3.50 1.39 0.56 1.24 1.10 99.76
195/53 biotite schist basaltic andesite 52.54 0.54 16.81 4.73 5.41 9.66 0.13 5.01 6.16 2.39 2.80 0.39 2.22 0.45 99.58
131/54 para-amphibolite basalt 50.92 0.42 14.07 2.23 9.96 11.96 0.15 7.96 9.62 2.09 0.54 0.02 1.67 - 99.65
41/53 para-amphibolite basalt 48.45 1.36 16.13 1.24 10.47 11.58 0.24 7.82 10.30 1.56 0.78 0.11 1.37 - 99.83
227/54 para-amphibolite basalt 48.06 0.49 16.57 1.83 9.32 10.96 0.18 8.06 9.38 3.32 0.47 0.12 1.84 - 99.64
69/53 Fe-rich metabasaltic dike basaltic andesite 51.18 0.95 14.00 7.13 9.04 15.45 0.12 3.97 6.84 3.08 0.90 0.10 2.19 - 99.50









4.2.2 Melting Conditions Determined by Mafic Melt Geothermobarometry 
Of the samples from various mafic rock types meeting the criteria for the 
thermobarometer based on bulk Si and Mg contents (i.e. compositions with >8.5 wt% MgO and 
>40 wt % SiO2; Lee et al., 2009), 6 hydrous compositions and 9 corresponding anhydrous 
compositions yielded model temperatures and pressures of liquidus melting of the source (Table 
5). The volcanic equivalents to these rocks are basalts, basaltic andesites and andesites. The 
hydrous composition temperatures estimated from unmanipulated analyses range from 1316 ± 
40°C to 1440 ± 43°C and pressures from 9.91-19.26 ± 2.0 kbar (0.991-1.926 ± 0.2 GPa). 
Samples renormalized on an anhydrous basis yield somewhat higher temperatures of 1337 ± 
40°C to 1491 ± 45°C. Anhydrous pressures are also higher, from 8.19-19.46 ± 2.0 kbar (0.8-2.0 
± 0.2 GPa).  
Temperature and pressure conditions of melting for Beartooth hydrous compositions are 
similar to those found in mid-ocean ridge or ―dryer‖ (~1 wt% H2O) subduction zone settings 
(Lee et al., 2009). Because there is an overlap in pressures and temperatures for both MORB and 
arc basalts, it is impossible to differentiate between the two scenarios based on this alone. 
Pressures are lower than those expected in both types of intraplate magmatism.  
However, eastern Beartooth compositions renormalized to anhydrous values in order to 
facilitate comparison with anhydrous subduction zone basalts of Lee et al. (2009) produce much 
higher pressures than modern basalts from subduction zones, which indicated unrealistically low 
melting pressures of 0-10 kbar. While three anhydrous Beartooth pressures are <10 kbar, most 
are >13 kbar and those <10 kbar are ~11 kbar within 2.0 kbar uncertainty. Thus, melting 





subduction zones (~1350-1450°C, <20 kbar), but a more comprehensive analysis of rocks from 
the area needs to be completed for statistical significance.  
Table 5: Results from Lee et al. (2009) thermobarometry respresenting melting 
conditions of mafic protoliths.  
   Hydrous basis Anhydrous basis 








QC-51 basaltic andesite 2.10 1360 ± 41 13.35 1414 ± 42 13.25 
QC-42 basaltic andesite 0.57 1340 ± 40 9.46 1353 ± 41 9.20 
QC-3 basalt 1.56 1440 ± 43 19.26 1481 ± 44 19.46 
125/53 andesite 0.93 1316 ± 40 9.91 1337 ± 40 9.57 
111/54 basalt 1.61 1399 ± 42 15.34 1438 ± 43 15.10 
127/54 basalt 2.48 1328 ± 40 15.74 1424 ± 43 15.70 
259/54 basaltic andesite 0.73 n/a n/a n/a n/a 
177/54 basaltic andesite 0.73 n/a n/a n/a n/a 
24/53 basaltic andesite 1.44 n/a n/a 1427 ± 43 8.19 
20/53 basaltic andesite 0.78 n/a n/a 1491 ± 45 12.16 
5 /'54 basalt 0.50 n/a n/a 1442 ± 43 15.42 
  
 
4.2.3 Field and Petrographic Observations 
 
Mafic rocks in the eastern Beartooth Mountains occur as variably-sized xenoliths 
included within granitic gneisses (Figure 10) and as packages of units exposed along roadcuts. 
Mafic metamorphic lithologies include typical pyroxene-free amphibolites dominated by 
amphiboles and plagioclase, layered amphibolite/granulite with alternating pyroxene-rich and 
amphibole-rich zones, non-layered mafic gneisses with pyroxene and amphibole, and garnet and 
biotite bearing mafic gneisses and granulites. Despite spatial proximity, there is irregular 
development of pyroxene and amphibole among rocks of similar composition, as well as variable 
development of a mineral lineation and foliation. In well-lineated samples, there are felsic zones 
in the same orientation as the lineation defined by mineral orientation, as well as later 






Figure 10. Photograph of a xenolithic amphibolite/granulite showing multiple generations of 
felsic veins cross-cutting subhorizontal layers of lighter green pyroxene-rich layers and black 
amphibole-rich zones. In this example, dark amphibole-rich zones are also found along the 
margins of the large felsic vein and as a separate xenolith within the vein at top right.  
 
 
Figure 11.  Photomicrographs of an amphibolite/granulite taken at the interface between 
amphibolite-rich and pyroxene-rich layers showing moderate development of vermicular epidote 
between some (but not all) grain boundaries and ambiguous relationships between pyroxene and 
amphibole grains, especially near the center view where smaller pyroxenes are seen inside of 
larger hornblendes. (a.) in PPL shows lighter green, very weakly-pleochroic pyroxene with 
darker green amphibole and colorless quartz and plagioclase, (b.) XPL of the same field of view 








Figure 12. Photomicrographs of an amphibolite/granulite showing a relatively large 
clinopyroxene associated with the small quartzofeldspathic vein.  Hornblende develops at the top 
left rim of the clinopyroxene and small patches of hornblende within the interior, especially on 
the upper right portion of the grain. (a.) in PPL and (b.) in XPL (sample WC-02).  
 
Figure 13. Photomicrographs of an amphibolite/granulite. (a.) in PPL shows patchy zones of 
mint green pyroxene and darker green hornblende with indistinct grain boundaries. Titanites are 
very high relief and light brown. Vermicular epidote has formed a partial halo around a 
plagioclase grain on the right. (b.) Photomicrograph in XPL showing vermicular epidote 
developing locally amongst hornblende, pyroxene and quartz which otherwise have 120° grain 
boundaries (sample LCP-05).  
 
Mafic metamorphic lithologies include  typical pyroxene-free amphibolites dominated by 
amphiboles and plagioclase, layered amphibolite/granulites with alternating pyroxene-rich and 
amphibole-rich zones, non-layered mafic gneisses with pyroxene and amphibole, and garnet- and 







Figure 14. Photomicrographs of a garnet-biotite gneiss. (a.) PPL shows large, pale pink, anhedral 
garnet surrounded by a matrix of strongly pleochroic brown biotites and colorless, low relief 
plagioclase and quartz. (b.) is the same field of view in XPL showing garnet’s isotropism and 
polysynthetic twinning in plagioclase (sample QCP-09).  
  
 Pyroxenes and amphiboles are most easily differentiated in PPL by pyroxene’s mint 
green color and amphibole’s moderate, darker green pleochroism. In layered 
amphibolite/granulites (Figure 11), pyroxenes and amphiboles are usually subhedral and equant, 
except where much larger clinopyroxenes are found in or adjacent to quartz-feldspar rich 
domains or veins (Figure 12) . Pyroxene also occurs as patches within amphiboles or vice versa 
(Figure 13) and is interpreted as either partial dehydration of the amphibole or rehydration of 
pyroxene. In many samples there is moderate development of vermicular textured epidote 
between grain boundaries (Figure 13) and large (to ~1.0 mm longest dimension) anhedral-
subsphenoidal titanites. Titanite sometimes has round, opaque ilmenite cores. Plagioclase and 
quartz are found in the matrix with pyroxene and amphibole, as well as in cross-cutting veins. 
Garnet and biotite dimensions vary depending on the sample. Garnet is found both as anhedral 








4.2.4 Mineral Chemistry 
  4.2.4.1Amphibole 
 Amphibole (Appendix H) from amphibolite/granulites, pyroxene-free amphibolite and 
hornblende-bearing garnet-biotite gneiss are classified as tschermakites, ferro-tschermakites, 
ferro-hornblendes, magnesio-hornblendes, and actinolites (Figure 15). Many of the 
amphibolite/granulites have two different amphibole populations in the form of zoned grains 
with different core and rim compositions or a different composition along cleavages, or typical 
subhedral grains coexisting with an additional vermicular textured actinolite existing at 
subhedral amphibole and clinopyroxene grain boundaries. The only pyroxene-free amphibolite 
with data has a narrow compositional range as does the garnet-biotite gneiss.  
 In amphibolite/granulites, the typical core compositions from seven samples are 
classified as tschermakites, ferro-tschermakites, ferro-hornblendes and magnesio-hornblendes. 
The range in average Si=6.32-6.89 apfu and the range in average XMg=0.43-0.51. The rim or 
vermicular composition with higher Si and XMg values are magnesio-hornblendes to actinolites. 
The average compositions for these analyses have a range of Si=7.55-7.70 and XMg=0.68-0.71.  
 The pyroxene-free amphibolite (sample LCP-02) has a restricted amphibole composition 
with an average of Si=6.49 (apfu) and XMg= 0.54. This composition is essentially the same as the 
typical core composition in the amphibolite/granulites.  
The garnet-biotite gneiss (sample QCP-09) similarly is unzoned with a narrow amphibole 
composition. The composition averages Si=6.25 apfu and XMg=0.47. The average XMg value is 
within the range exhibited by the typical core composition in the amphibolite/granulites. The 
average Si value is slightly lower than the other averages for amphibolite/granulites or pyroxene-







Figure 15. Amphibole compositions from all mafic samples show there are two general 
compositional groups. Samples with unzoned amphiboles or amphibole core compositions in 
zoned grains are ~6.5 Si (apfu) and XMg= ~0.5. Amphiboles with different rim compositions are 
broadly actinolitic, with Si generally >7.5 apfu and XMg=~0.70. The vermicular reaction textured 
grains in samples CL82-73 and CL82-75 are actinolitic.  The rim/reaction compositions have a 
wider compositional range compared to the core compositions from within the same sample.  
 
4.2.4.ii Garnet 
Garnet analytical data are from a hornblende-bearing garnet-biotite gneiss (sample QCP-
09) and a garnet-bearing amphibolite/granulite (sample QC-53; Appendix C).  A traverse on a 





0.06)(Si2.98Al0.02)O12. A larger, anhedral garnet 






















































the euhedral grain are similar but the euhedral grain is more magnesian. The typical garnet core 
composition from a garnet-bearing gneiss has essentially the same composition as the average 







Figure 16. A ~3.0 mm long compositional profile across a garnet shows it is weakly zoned with 




 Weakly to unzoned plagioclase grains from amphibolite/granulites have the compositions 
(Na0.68Ca0.28K0.01)(Si2.70Al1.30)O8 (sample CL-2), (Na0.52Ca0.41K0.01)(Si2.58Al1.44)O8 (sample CL-
02), (Na0.73Ca0.25K0.01)(Si2.77Al1.23)O8 (sample CL82-71), (Na0.72Ca0.27K0.01)(Si2.74Al1.26)O8 
(sample CL82-72), (Na0.67Ca0.34K0.01)(Si2.65Al1.34)O8 (sample CL82-74), 
(Na0.66Ca0.35K0.01)(Si2.66Al1.34)O8 (sample CL82-75), (Na0.52Ca0.46K0.01Fe
2+
0.01)(Si2.53Al1.48)O8 
(sample LCP-05), (Na0.57Ca0.43K0.01)(Si2.55Al1.46)O8 (sample WC-02), 
(Ca0.48Na0.47K0.01)(Si2.51Al1.50)O8 ( sample WC82-11).  An amphibolite/granulite with zoned 
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composition (An30.7) is (Na0.69Ca0.31K0.01)(Si2.70Al1.29)O8.  The rim plagioclase (An4.94) is 
(Na0.79Ca0.04K0.05)(Si2.91Al1.14)O8.   
 
 
Figure 17. A backscatter electron image of euhedral garnet in which analytical points for garnet 
and biotite shown as white dots. The array of analytical used for the garnet traverse in Fig. 16 are 
shown within the garnet. Biotite point 15 was used as a representative matrix biotite composition 
with the average garnet composition to calculate a garnet-biotite temperature of 695±25°C 
(Holdaway, 2000).  
 
Representative structural formulae of average weakly zoned matrix plagioclase grains in 
pyroxene-free amphibolites are (Na0.62Ca0.36K0.01)(Si2.61Al1.41)O8 (sample QCP-08), 
(Na0.56Ca0.38K0.01)(Si2.61Al1.40)O8 (sample LCP-02) and (Na0.53Ca0.44K0.01)(Si2.54Al1.48)O8 (sample 
LCP-06). Plagioclase from a cross-cutting quartzofeldspathic vein has the average composition 
(Na0.55Ca0.36K0.01)(Si2.64Al1.38)O8 (sample LCP-02), similar to the of the amphibolite portion of 
the sample.  
Plagioclase core and rim compositions (n=7) in the garnet-biotite gneiss (QCP-09) are 







Core compositions (n=4) average Ab49.4An49.2Or0.63Cn0.02 or (Ca0.50Na0.50K0.01)(Si2.50Al1.49)O8. 






 Alkali-feldspar compositions are from the matrix assemblage and a cross-cutting 
quartzofeldspathic vein in amphibolite/granulites (samples CL82-70, CL82-72, LCP-02).  Matrix 
alkali-feldspar is Or97.8Ab2.2An0.04Cn0.05 or (K1.01Na0.02)(Si2.97Al1.03)O8 (sample CL82-70) and 
(K0.92Na0.09Ba0.01)(Si3.00Al1.00)O8 (sample CL82-72). Microcline cores from a cross-cutting 
quartz-feldspar vein have an average composition (n=5) of (K0.97Na0.04Ba0.01)(Si2.98Al1.01)O8 
(sample LCP-02).  
4.2.4.v Biotite 
 
 Biotite analyses were derived from a garnet-biotite gneiss (sample QCP-09) and four 
amphibolite/granulites (samples CL82-70, CL82-71, CL82-72, LCP-06; Appendix 93). Core and 
rim biotite analyses from the garnet-biotite gneiss (n=13) have high totals, with most anhydrous 
totals measuring being >98 wt%. XMg values are 0.49-0.50 and Ti values in apfu are 0.45-0.61. 
Average compositions from amphibolite/granulite biotites have a range of Ti=0.25-0.37 apfu, 
XMg= 0.38-65 and Al(total)=2.72-3.55 apfu.  
4.2.4.vi Pyroxene 
 
 Clinopyroxene rim and core average compositions from seven amphibolite/granulites 














Figure 18. Biotite compositions from all mafic samples plotted according to Ti (apfu) and XMg.  
 
 
Figure 19. Biotite compositions plotted showing normalized total Al (apfu) and XMg 
 
























































Epidote is found in amphibolite/granulites and is vermicular in texture. The structural 
formula expressing the compositional range is Ca1.97-2.04(Al2.21-2.95Fe
3+
0.05-0.80Mn0.00-0.01Ti0.00-
0.01)(Si3.02-2.95Al0.00-0.05O12)(OH) (Appendix D). This includes an Fe-deficient inclusion within 
plagioclase with the composition Ca2.00(Al2.95Fe
3+
0.05Mn0.01)(Si2.98Al0.02O12)(OH). The typical 







 A variety of thermometers and/or barometers are available to estimate the pressures and 
temperatures of mafic rocks. Methods to calculate pressure are limited to garnet-bearing 
assemblages with the garnet-biotite-plagioclase-quartz (GBPQ; Wu et al., 2004) and garnet-
amphibole-plagioclase-quartz (GAPQ; Kohn & Spear, 1990) barometers. The thermometers 
available are the hornblende-biotite thermometer (Holland & Blundy, 1994) and the garnet-
biotite thermometer (Holdaway, 2000). Temperatures for the Ti-in-biotite thermometer (Henry et 
al., 2005) are reported but should be considered minimum estimates because they are not 
appropriate for these bulk compositions.  
Hornblende-plagioclase temperatures (cores and rims; assumed 7.0 kbar) for mafic rocks 
have a range of 625-835±40ºC. Estimated temperatures are ~10°C lower per 1.0 kbar pressure 
reduction. The average temperature for core compositions and unzoned grains is 748±40°C. For 
samples with zoned grains, the temperatures calculated using the rim amphibole compositions of 
two samples are lower by 83°C (sample CL-2) and 33°C (sample QCP-08), respectively. The rim 
composition temperatures average 100°C lower (652°C), but only represent two samples with 







 Table 6: Summary of analyses and compositions used to calculate hornlende-plagioclase 
temperatures for mafic rocks. Temperatures for the quartz-free calibration (HB2) at an assumed 
pressure of 7.0 kbar (bold temperatures) are plotted in Figure 20. 
 
 
Broken down by rock type, amphibolites have hornblende-plagioclase temperatures of 
733°C (sample LCP-02) and 711°C and 678°C (sample QCP-08). The average temperature for 
amphibolites is 704°C. The garnet-bearing gneisses (QCP-09 and QC-53) have hornblende-
plagioclase temperatures of 798, 794, 835, 771 and 766°C. These temperatures are higher than 
those in amphibolites by nearly 100°C and only consider temperatures calculated estimating 
An62 (Table 7). The amphibolite/granulites exhibit a larger range in hornblende-plagioclase 
temperatures of 640-765°C, disregarding a rim composition yielding a temperature of 626°C in 
sample CL-2.  
 
Mineral Data Temperatures at Assumed Pressures  
 
amphibole plagioclase 5kbar 6 kbar 7 kbar 
sample point type point type Ab  An HB1 HB2 HB1 HB2 HB1 HB2 
CL-02 
ave (205-





cores 70 core 0.597 0.396 798 742 790 745 783 749 
 
ave (194-
196) rims 70 core 0.597 0.396 799 743 792 747 784 750 
CL-2 amph-9 rim pt 13 core 0.706 0.284 565 623 558 625 550 626 
 
amph-11 core pl-14 core 0.705 0.286 731 699 725 704 719 709 
CL83-73 pt-3 core pt-1 core 0.684 0.307 677 686 670 690 663 694 
CL83-74 pt-1 core pl 4 core 0.658 0.333 675 669 672 675 668 681 
CL83-75 pt-1 core pt 5  core 0.661 0.331 696 691 690 696 683 700 
HLT-02 core core pl-1 core 0.68 0.311 784 733 776 737 767 740 
 
core core pl-2 rim 0.668 0.328 788 739 779 742 771 746 
LCP-02 ave ave ave ave 0.592 0.397 766 725 759 729 752 733 
LCP-05 ave ave ave ave 0.509 0.483 791 753 784 758 777 762 
WC82-11 ave ave ave ave 0.486 0.5033 820 749 814 754 807 758 
WC-02 core core pl1 core 0.558 0.435 778 754 773 759 769 765 
QCP-08 core core pl core 0.624 0.369 676 705 669 708 661 711 
 
rim rim pl core 0.624 0.369 645 670 640 674 634 678 
QCP-09 ave ave ave core 0.494 0.499 790 784 788 791 785 798 
 
ave ave ave rim 0.507 0.487 786 780 783 787 781 794 
QC-53 hb-11 unmixed 
visually 
estimated 0.38 0.62 815 820 813 827 812 835 
  hb-1 unmixed 
visually 
estimated 0.38 0.62 739 750 742 761 746 771 
  hb-2 unmixed 
visually 








Figure 20. Hornblende-plagioclase temperatures for mafic samples with both plagioclase and 
amphibole data. Temperatures range from 626-835 ± 40°C including rim and core amphibole 
compositions. Error bars are ±40°C.  
 
For garnet-bearing gneisses, garnet-biotite temperatures are ~100°C lower than the 
hornblende-plagioclase temperatures for the same samples. Sample QCP-09 has a garnet-biotite 
temperature of 695± 25ºC, compared to 798 & 794ºC yielded by hornblende-plagioclase 
thermometry. For sample QC-53, a representative matrix biotite and garnet core composition 
have a garnet-biotite temperature of 653 ± 25°C (Holdaway, 2000). The lowest hornblende-
plagioclase temperature for this sample is 766 ± 40°C.  
Six Ti-in-biotite (Henry et al., 2005) temperatures from mafic compositions range 640-
764 ± 24ºC. Disregarding a 764°C outlier, the remaining 5 temperatures average 674± 24ºC. The 
high 764°C temperature is from QCP-09 which also has 695 ± 25°C (garnet-biotite) and 794-798 
± 40°C (hornblende-plagioclase). The other garnet-bearing sample (QC-53) yields 703 ± 24°C.  
All Ti-in-biotite temperatures are from analyses with the highest Ti content. However, these 
rocks are not well-suited for Ti-in-biotite thermometry, as they lack graphite and an Al-saturating 



















CL-02 (am core ave)
CL-02 (am seivy cores)





HLT-02 (am core, pl core)
HLT-02 (am core, pl rim)
LCP-02 (am ave, pl ave)
LCP-05 (am ave, pl ave)
WC82-11 (am ave, pl ave)
WC-02 (am core, pl core)
QCP-08 (am core, pl core)
QCP-08 (am rim, pl core)
QCP-09 (am ave, pl core)









Table 7: Calculated temperatures from the hornblende-plagioclase geothermometer for sample 
QC-53 (Holland & Blundy, 1994) at 5.0, 6.0 and 7.0 kbar assumed pressure and plagioclase 
compositions An50-An70. HB1 refers to the calibration including quartz and HB2 is the quartz-
free calibration.  
 





5.0 kbar 6.0 kbar 7.0 kbar 
HB1 HB2 HB1 HB2 HB1 HB2 
Hb-11 An50 771 775 767 782 767 789 
 An62 815 820 813 827 812 835 
 An65 830 833 828 840 828 840 
 An70 857 855 855 863 853 871 
Hb-1 An50 699 707 702 717 705 727 
 An62 739 750 742 761 746 771 
 An65 752 762 755 773 752 762 
 An70 777 784 780 795 784 806 
Hb-2 An50 697 702 697 702 703 722 
 An62 737 745 740 755 744 766 
 An65 750 757 753 767 757 778 
 An70 775 778 778 789 782 800 
 
The Garnet-Biotite-Plagioclase-Quartz (GBPQ) geobarometer for two garnet-bearing 
samples indicates ~7.0 kbar. The garnet-biotite-plagioclase-quartz (GBPQ) used with average 
garnet traverse composition from sample QCP-09 indicates a pressure of 6.9 ± 1.2 kbar. For 
sample QC-53, the GBPQ barometer estimates a pressure of ~7.0 kbar at assumed plagioclase 
compositions An62, An65 and An70 (Table 8). At An62, the Garnet-Amphibole-Plagioclase-Quartz 
(GAPQ) pressures for sample QC-53 are slightly lower than GBPQ pressures at 4.4-5.8 ± 0.5 
















Table 9: Calculated pressures from the GAPQ barometer for assumed plagioclase compositions 
An62 and three hornblende compositions (Hb-11, Hb-1, Hb-2).  
 
QC-53 GAPQ barometer ±0.5 kbar 
(Kohn & Spear, 1990) 
 Hb-11 Hb-1 Hb-2 
Pressure Mg 4.658 4.420 4.466 
Pressure  Fe 5.799 5.467 5.292 
 
  
Figure 21. Ti-in-biotite temperatures for mafic rocks from the biotite analyses with the highest Ti 
(apfu). Error bars represent ±24° precision.  
 
 
 Temperatures obtained from thermobarometry are evidence of three thermal events. The 






























QC-53 GBPQ barometer ±1.2 kbar 
(Wu et al., 2004) 
plagioclase 
composition 









temperatures all ~775-800°C. Amphibolite and amphibolite/granulite hornblende-plagioclase 
temperatures are lower than the garnet-bearing samples and overlap (640-765°C). The lower 
garnet-biotite temperatures (~650°C) are also evidence for this event and can link a pressure of 
~6.0 kbar. The lowest temperature event is evident in a rim composition in an 
amphibolite/granulite yielding 626°C.  
4.2.6 Pseudosections 
Pseudosections were generated for three samples that represent the range in mafic 
mineral assemblages. A representative pyroxene-free amphibolite (sample 125/53), 
amphibolite/granulite (sample QC-51) and a garnet-bearing hornblende-biotite 
quartzofeldspathic gneiss (QC-53) were modeled in the NCKFMASHT system over a 
temperature and pressure range of 400-900°C and 2.0-9.0 kbar. Compositions were used with the 
amount of water determined from the bulk analysis, as well as with excess water. An additional 
diagram was generated for the garnet-bearing gneiss at 50% of the water reported in the bulk 
analysis.  
4.2.6.i Amphibolite 125/53 
 Sample 125/53 is a typical quartz-bearing biotite amphibolite with a mineral assemblage 
of hornblende (55%) + plagioclase (21%) + biotite (13%) + quartz (8%) + magnetite/ilmenite 
(2.5%) (Eckelmann and Poldervaart, 1957). The bulk composition of this sample corresponds to 
that of an andesite (Table 4).  
  The diagram with an amount of H2O calculated from the bulk analysis (Figure 22) has a 
solidus located at ~775-800°C, depending on pressure, and is biotite and clinoamphibole-
saturated below the solidus. Ilmenite is present in 4 fields, which comprise most of the diagram. 
Plagioclase is present in all fields except for higher pressure and low temperature (below 500°C 





the largest area on the diagram: biotite + clinoamphibole + plagioclase + ilmenite + 
orthopyroxene + clinopyroxene + quartz. The presence of orthopyroxene and clinopyroxene 
likely indicates an unrealistically H2O deficient composition. However, since the field is so large, 
occupying ~75% of the area at temperatures below the solidus, it would not help constrain 
pressure and temperature of equilibrium even if it was identical to the observed assemblage.  
In the excess H2O diagram, the solidus occurs at ~700-750°C, depending on pressure, and 
the diagram is clinoamphibole and H2O-saturated below the solidus. The observed assemblage 
clinoamphibole + plagioclase + biotite + ilmenite + quartz (+ H2O) is predicted on the diagram. 
This field is centered at ~650°C and 7.5 kbar but extends from 6.0-9.0 kbar and 600-700°C.  
4.2.6.ii QC-51 
 The bulk composition of sample QC-51, an ilmenite-bearing biotite-amphibolite/mafic 
granulite, was modeled with the amount of water from the bulk analysis, half the amount of 
water reported in the bulk analysis, and with excess water over the range 400-900°C and 2.0-9.0 
kbar. In all diagrams, the solidus is located at ~700-775°C depending on pressure. The observed 
mineral assemblage is orthopyroxene + hornblende + plagioclase + biotite + ilmenite with 
hornblende texturally partially replacing orthopyroxene.  
 In the H2O-calculated composition, all fields below the solidus contain biotite and 
clinoamphibole (hornblende). Although the majority of assemblages contain plagioclase, 
plagioclase-free assemblages are found from ~4.0-9.0 kbar and below 600°C. Orthopyroxene is 
restricted to 5 unique assemblages at near-solidus temperatures (~700-775°C) and relatively low 
pressures (below 5.5 kbar). All orthopyroxene-bearing assemblages contain ilmenite and H2O, 
and some include clinopyroxene, orthoamphibole and/or two coexisting compositions of 







Figure 22. Pseudosection calculated for an amphibolite with the assemblage hornblende + 
plagioclase + biotite + quartz + ilmenite (sample 125/53; Eckelmann & Poldervaart, 1957). The 
purple field represents the modeled assemblage most similar to the observed mineral assemblage. 







Figure 23. Pseudosection calculated with excess H2O for an amphibolite with the assemblage 
hornblende + plagioclase + biotite + quartz + ilmenite (sample 125/53; Eckelmann & 








clinoamphibole + plagioclase + ilmenite + orthopyroxene + H2O occurring at ~750°C and 2.0-
5.0 kbar.  
  The pseudosection with half the amount of H2O has a solidus occurring at ~775-800°C 
and is biotite- and clinoamphibole-saturated below the solidus. Compared to the areas where 
orthopyroxene is stable in the diagrams generated with excess water and an amount of water 
from the bulk composition, orthopyroxene is stable for the majority of the half H2O diagram. The 
field on the diagram most similar to the observed assemblage is biotite + clinoamphibole + 
plagioclase+ ilmenite + orthopyroxene + quartz  at ~650-775°C and 7.0-8.0 kbar.  
 The H2O-saturated diagram for sample QC-51 is similar to the diagram generated from 
the calculated amount of water. All assemblages contain H2O and clinoamphibole. The majority 
of the assemblages include biotite, except for a small area at high pressure and low temperature 
(>8.0 kbar and <450°C) where biotite is not predicted. The orthopyroxene-bearing assemblages 
are the same as in the less hydrous composition and occupy the same area in P-T space. The 
biotite + clinoamphibole + plagioclase + ilmenite + orthopyroxene + H2O field is at the same 
pressure and temperature as the diagram with water calculated from the bulk composition.  
 4.2.6.iii QC-53 
    
 Sample QC-53 is a garnet-bearing hornblende-biotite quartzofeldspathic gneiss with a 
bulk composition consistent with an andesite (Table 4). The visually-estimated modes for sample 
is quartz (33%), plagioclase (31%), biotite (16%), hornblende (11%), garnet (8%), opaques (1%) 
and epidote, zircon, apatite (<1%).  
 The solidus at 750-775°C serves as an upper temperature limit. The assemblage 
plagioclase + garnet + ilmenite + clinoamphibole +quartz + H2O occurs as two separate fields, 
both at 600-750°C and separated by a similar field containing two distinct clinoamphibole 





equivalent is at ~6.0-4.0 kbar. The heterogeneous hornblende composition is likely an indication 
of unmixing near 6.0 kbars and indicated on the pseudosection as the more restricted field with 
two clinoamphiboles.  
 4.2.7 Comparison of pseudosection and thermobarometry  for sample QC-53 
 
Results from geothermobarometers, taking into account the uncertainty of each method, 
are superimposed onto the pseudosection for QC-53 for comparison. Results from hornblende-
plagioclase thermometry using a plagioclase composition of An62 with the three different 
hornblende compositions are combined and shown in teal at assumed pressure 6.0 kbar. The 
range in hornblende-plagioclase temperatures partially exceeds solidus temperatures but all also 
partially fall within a plagioclase + garnet + ilmenite + clinoamphibole +quartz + H2O field. 
There is a overlap of results from the two thermometers, barometer and  appropriate 
pseuodosection assemblage at ~6.0 kbar and 650°C.  
4.3 Sillimanite-Biotite-Quartz Mylonitic Gneiss 
 
 4.3.1 Sample Descriptions and Petrography 
 
 Meter-scale units of zircon-bearing sillimanite-biotite-feldspar-quartz mylonite crop out 
on the side of Line Creek Plateau alongside Cr-muscovite-bearing quartzite, serpentinite, 
amphibolite and amphibolite/mafic granulite. The assemblage is quartz (40-60%), biotite (5-
30%), sillimanite (10-30%), alkali-feldspar (0-15%), plagioclase (0-15%), graphite (0-2%) and 
trace apatite, muscovite, ilmenite, rutile, monazite and titanite (Figure 28). There is variable 
(absent to complete) sericitization of plagioclase and mild to moderate biotite chloritization. 
Biotite and sillimanite display a moderate-to-strong preferential alignment that has been locally 








Figure 24. Pseudosection calculated for sample QC-51 in NCKFMASH with an amount of water 
calculated from the bulk rock analysis. Region with orthopyroxene-bearing assemblages is 








Figure 25. Pseudosection calculated for sample QC-51 in NCKFMASH with half the amount of 
water calculated from the bulk rock analysis. Region with orthopyroxene-bearing assemblages is 







Figure 26. Pseudosection calculated for sample QC-51 in NCKFMASH with excess H2O. Region 
with orthopyroxene-bearing assemblages is shaded in green and the same as for the amount of 












Figure 27. Pseudosection generated for QC-53 in the NCKFMASHT system. The sample 
assemblage is plagioclase + garnet + ilmenite + clinoamphibole (calcic amphibole) +quartz. 
Pressure and temperature ranges with precisions from the garnet-biotite (Holdaway, 2000) and 
GBPQ (Wu et al., 2004) thermometer and geobarometer are shown in pink. Quartz-free 
hornblende-plagioclase calibration temperatures (HB2; Holland & Blundy, 1994) calculated with 
an assumed plagioclase An62 and from three different hornblende compositions are shown in teal 
at an assumed 6.0 kbar. GAPQ pressures (not shown) are 4.4-5.8 ± 0.5 kbar depending on 






 Sillimanite is high relief, colorless in PPL and forms acicular sprays, blades and fine-
grained, fibrous mats (fibrolite; Figure 31). The largest blades of sillimanite are >2.5 mm long. 
Sillimanite nucleates on biotite and graphite (Figure 32). Chloritized biotite is pleochroic light 
tan with opaque alteration along grain boundaries and cleavage planes. Biotites are typically  
elongated laths measuring to ~0.4 long by 0.07 mm wide but tabular, more equidimensional 
highly-chloritized grains are associated with fibrolite. Quartz and feldspars tend to be similarly 
sized at ~0.25-0.40 mm but there are larger alkali-feldspar and quartz porphyroblasts to ~3.75 
mm long.  
Figure 28. Photomicrographs of typical sillimanite-biotite-quartz gneiss showing moderate 
alignment of biotite and sillimanite. (A) PPL shows pleochroism of biotites and high relief of 
colorless sillimanite and (B) XPL shows polysynthetically-twinned plagioclase and quartz are  
similar sizes (sample LCP-03).  
 
4.3.2 Chemical Analyses 
 Six biotite analyses from three samples of sillimanite-biotite-quartz mylonitic gneiss, one 
from Quad Creek and three analyses from a Wyoming Creek sample were normalized to 22 
oxygens. Ti contents range from 0.14-0.38 (apfu), Al (total) values range from 3.21-3.63 (apfu) 
and XMg values range from 0.48-0.67 (Figs. 33,34). The structural formula of the average biotite 







Figure 29. Photomicrographs showing association of acicular sillimanite with biotite in PPL (A) 
and XPL (B; sample LCP-03).  
 
  
Figure 30. Photomicrographs in PPL (A) and XPL (B) showing deformation of strongly aligned 
















Figure 31. Photomicrographs showing fibrous mats of sillimanite (fibrolite) surrounded by 





Figure 32. Photomicrographs of acicular sillimanite associated with opaque graphite and biotite 
in PPL (A) and XPL (B) showing biotite, graphite and sillimanite surrounded by quartz with 







Figure 33. Biotite compositions from sillimanite-biotite-quartz gneisses.  
 
 
Figure 34. Biotite compositions from sillimanite-biotite-quartz mylonitic gneisses.  
 
4.3.3 Ti-in-biotite Thermobarometry 
 
 The 6 Ti-in-biotite temperatures for three Line Creek Plateau samples are 655-676 ± 



















































Temperatures obtained from the same sample have differences of 0-6°C (Table 10). The average 
temperature for Line Creek Plateau samples is 667 ± 24 °C. The temperatures for QC81-13 and 
WC82-33 are more variable, from 532-735 ± 24°C but the WC82-33 analysis with the highest Ti 
content is 621 ± 24°C.  
4.3.4 Interpretations 
 
 The presence of sillimanite as the stable Al2SiO5 polymorph indicates equilibration at 
temperatures greater than 500°C. The assemblage with alkali-feldspar further restricts the 
temperature to above ~650°C through the reaction: muscovite + albite + quartz = sillimanite + 
alkali-feldspar + H2O (Figure 35). A felsic layer, separate from the biotite-rich portion in one 
sample, is suggestive of incipient melting. The biotite analyses with the highest Ti have Ti-in- 
 
Table 10: Summary of data used to calculate Ti-in-biotite temperatures for sillimanite-biotite-
quartz mylonites and gneisses from Line Creek Plateau, Quad Creek and Wyoming Creek. 
 
sample point Ti(apfu) XMg Al(tot) T ± 24°C 
LCP-08 bt1 0.22 0.67 3.57 661 
LCP-08 bt2 0.21 0.67 3.55 655 
LCP-09 bt1 0.31 0.48 3.63 666 
LCP-09 bt2 0.31 0.49 3.49 667 
LCP-11 bt1 0.26 0.63 3.55 676 
LCP-11 bt2 0.24 0.67 3.62 676 
QC81-13 biot-1 0.38 0.64 3.21 735 
WC82-33 biot-1 0.17 0.55 3.31 575 
WC82-33 biot-2 0.14 0.56 3.35 532 
WC82-33 biot-7 0.22 0.54 3.26 621 
 
 
biotite temperatures of 666-667 ± 24 °C. At ~667°C, sillimanite is stable above the second 
sillimante isograd from ~3.0-5.0 kbar. Since these biotites are moderately chloritized, this 
temperature likely represents partial resetting along the retrograde P-T path rather than peak 





Nearby samples with similar metapelitic compositions have assemblages containing 
garnet, cordierite and a leucosomes (interpreted as in-situ melt), in addition to sillimanite and 
biotite with a minor amount of kyanite.  The reaction biotite + sillimanite = garnet + cordierite + 
melt indicate formation temperatures >650°C and 1.5-8.5 kbar, depending on temperature. Peak 
conditions from a representative garnet and cordierite-bearing sample has GBPQ and GASP 
pressures of 4.24-4.31 and 3.55 ± 1.2 kbar, respectively. The garnet-biotite temperature 
(Holdaway, 2000) is 617-620 ± 25° and Ti-in-biotite temperatures are 606-633 ±24°C.  
Two possible pressure-temperature paths for sillimanite-bearing gneisses are proposed 
depending on interpretation of kyanite as a prograde or retrograde phase. If kyanite is formed 
after sillimanite, the pressure-temperature evolution path does not necessitate a large change in 
pressure and may in fact represent isobaric cooling from 750-800°C to under 550°C at ~5.0 kbar. 
If kyanite is a remnant of an earlier, higher pressure assemblage, there would have been a large 





Figure 35. Petrogenetic grid for metapelitic compositions modified from Spear et al. (1999) with 
pressure and temperature ranges determined from thermobarometry and petrologic observations 
shaded in grey. Arrows indicate possible pressure-temperature paths for sillimanite-bearing 
gneisses but could also be in the reverse direction, in a counter-clockwise path similar to that 
proposed by Maas & Henry (2002).  
 
 
4.4 Anthophyllite-Biotite-Quartz-Cordierite-Orthopyroxene Gneiss  
 
 4.4.1 Sample Description and Petrography 
 
A single known outcrop of an unusual gneiss containing variable proportions of 
anthophyllite, biotite, orthopyroxene, quartz, and cordierite is located on Quad Creek Plateau. 





The peak metamorphic assemblage is interpreted as orthopyroxene (~30-35%) + cordierite (~28-35%) + 
biotite (~15-20%) + quartz (~5-15%) + rutile (<1%) + zircon (<1%) + apatite (<1%) +/- sillimanite (tr) 
(Figure 37). Orthopyroxene is the largest phase with grains >5 mm in diameter. Orthopyroxene  
 
Figure 36. Orthopyroxene-cordierite gneiss outcrop at Quad Creek Plateau. 
  
is very weakly pleochroic from nearly colorless to pale pinkish-tan. Some orthopyroxenes are 
mildly poikiloblastic with abundant, round cordierite and quartz inclusions. Heavily included 
orthopyroxenes are optically continuous, but inclusion grains are not. Cordierite, differentiated 
from quartz by polysynthetic twinning observed in XPL, is anhedral and colorless in PPL with 
yellow pleochroic haloes around zircon inclusions in PPL. Quartz commonly exhibits undulose 
extinction. Tabular biotite locally defines a weak foliation, has moderate relief and strong tan-to-
orange-brown pleochroism with darker brown pleochroic haloes around zircon inclusions.  The 
average size of matrix biotite is variable depending on the sample, from ~1.00 by 0.40 mm to 
~3.0 by 1.5 mm. Rutiles are interpreted as part of the peak metamorphic assemblage, and 
sometimes are seen partially being replaced by ilmenite.  
There are locally abundant biotite and zircon inclusions in matrix cordierite, but biotite 
inclusions are absent in orthopyroxene, suggesting biotite growth after peak metamorphic 





orthopyroxene but absent from matrix cordierite suggest sillimanite with cordierite was part of 
the prograde path before completion of orthopyroxene growth (Figure 41).  
An additional stage of mineral growth is marked by the partial-to-complete replacement 
of orthopyroxene by anthophyllite. Anthophyllite (~3-15%) is colorless in PPL and has parallel 
extinction. Anthophyllite is always associated with orthopyroxene: forming rims around 
orthopyroxene (Figure 37), as larger (~4 mm) subhedral grains adjacent to orthopyroxene 
(Figure 39), as smaller (~0.25 mm) grains at orthopyroxene grain boundaries, intercalated with 
orthopyroxene (Figure 42) and partially surrounding cordierite inclusions in mildly poikiloblastic 
orthopyroxenes (Figure 40). Additionally, trace amounts of plagioclase developed along matrix 
quartz and orthopyroxene grain boundaries was identified by cathodoluminescence imaging.  
A final stage of mineral development is a low-grade retrograde hydration with partial-to-
complete replacement of high-grade metamorphic minerals by fine-grained talc, chlorite and 
sericite. Talc primarily replaces orthopyroxene and anthophyllite, cordierite is replaced by 
sericite and chlorite (i.e. pinite) and biotite has minor chloritization. Fine-grained talc and 
chlorite are an alteration after the development of anthophyllite. Depending on the extent of 
alteration, talc and chlorite found in approximately equal proportions either create an 
aesthetically striking, extensive network along grain boundaries and fractures (Figure 45) or 
nearly completely replace all other phases in the sample (Figure 44), except for quartz, rutile and 
zircon. There may be some relict anthophyllite cores (typically ~0.50 mm) in moderately altered 








Figure 37. Photomicrographs of typical peak metamorphic assemblage and textures of the 
orthopyroxene-cordierite gneiss with local minor replacement of orthopyroxene by anthophyllite 
(sample QC82-19). A thin anthophyllite rim nearly completely envelopes the large 
orthopyroxene on the right, with two larger anthophyllite grains growing into the same 
orthopyroxene grain. (a) PPL image illustrates strongly pleochroic biotite along orthopyroxene 
and cordierite grain boundaries and smaller biotite grains within cordierite, colorless 
anthophyllite and weakly-colored light tan orthopyroxene and red-brown rutiles and (b) XPL 
image illustrates polysynthettically-twinned cordierite and anthophyllite’s lower birefringence 






Figure 38. Backscatter electron image of orthopyroxene-cordierite gneiss showing partial field of 
view as shown in Figure 37. Ilmenite, the brightest phase, is along a cordierite-biotite grain 
boundary and partially replacing rutiles within orthopyroxene. Small biotites are within the 
center cordierite and between cordierites and orthopyroxenes. Anthophyllite is on the bottom 
half of the image replacing the large orthopyroxene on the right.  The broader fractures in the 






Figure 39. Photomicrographs of robust anthophyllite growth associated with orthopyroxene 
(sample QCP-02). (a) PPL illustrates subhedral anthophyllite developed between two blocky 
orthopyroxenes with partially reacted relict orthopyroxene within the anthophyllite and (b) XPL 




Figure 40. Photomicrographs showing locally poikiloblastic, fractured orthopyroxene with 
abundant, round cordierite inclusions partially surrounded by anthophyllite (sample QCP-02). 
Most of the cordierite inclusions pictured contain sillimanite inclusions. Anthophyllite is also 
developing on the bottom left rim of this orthopyroxene (a) in PPL and (b) XPL shows magenta 







Figure 41. Photomicrograph of cordierite inclusion (same orthopyroxene grain as Figure 40) with 
euhedral prismatic sillimanite in cordierite and anthophyllite developing at 
orthopyroxene/cordierite interface, with talc-filled orthopyroxene fractures (sample QCP-02). 
One direction of orthopyroxene cleavage is subparallel to scale bar. 
 
 
Figure 42. Photomicrographs of intercalated anthophyllite and orthopyroxene (sample QCP-04). 
(a) PPL shows high relief orthopyroxene fragments within anthophyllite surrounded by brown 





   
 
Figure 43. Photomicrographs showing relict anthophyllite cores surrounded by fine-grained talc 
and chlorite and pinitized cordierite with large relict rutiles (sample QCP-03). (a) PPL shows 
colorless anthophyllite, opaque ilmenite after rutile and chlorite with greenish pinite. (b) shows 
same as (a) in XPL.  
 
  
Figure 44. Photomicrographs of extensive late-stage alteration of orthopyroxene-cordierite gneiss 
(sample QCP-03). PPL (a) shows mildly chloritized biotite with relict anthophyllite cores 
surrounded by fine-grained talc and pinite with high-relief apatite and rutile. XPL (b) shows 







Figure 45. Photomicrographs anthophyllite and biotite between two large orthopyroxene grains 
containing a network of fractures filled with fine-grained talc (sample QCP-04).  (a) PPL view. 
(b) XPL view. 
 
Figure 46. Photomicrographs in PPL of matrix cordierite containing abundant biotite inclusions 
(sample QCP-05). (a) Shows large cordierite with many small biotite inclusions inside fractures 
and (b) is a magnified view of interior of grain shown in (a).   
 
4.4.2 Mineral Chemistry 
 
Mineral chemical data from a representative fresh gneiss (QC82-19) with peak 
metamorphic assemblages and textures demonstrate that orthopyroxene, cordierite, biotite and 
amphibole are relatively magnesian and chemically unzoned. The average (n=7) orthopyroxene 





XMg values for all analyzed orthopyroxene analyses are 0.67-0.68. Cordierite average 
composition (n=5) is (Mg1.72Fe
2+





basis, is relatively aluminous, Ti-rich and magnesian with total Al of 2.82-2.87 apfu (2.84 
average), Ti of 0.25-0.32 apfu (0.28 average) and XMg of 0.74-0.77 (0.76 average). The average 




Amphibole core and rim analyses (n=6), combined with petrographic observations (i.e. 
parallel extinction), demonstrate that they can be classified as anthophyllites with Si ranges from 
7.61-7.81 apfu and XMg (=Mg/Mg+Fe
tot
) ranges from 0.93-0.97 (Figure 47).  The average 







Figure 47. Classification of orthorhombic amphiboles from QC82-19 based on XMg and Si (apfu) 
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4.4.3 Pressure and Temperature Determinations 
 
There are several ways to determine the metamorphic conditions and P-T paths of the cordierite-
orthopyroxene gneisses including the Ti-in-biotite geothermometer and calculated 
pseudosections based on whole-rock chemistry.  
4.4.3.i Ti-in-biotite Thermometry 
 The cordierite-orthopyroxene gneisses have mineral assemblages that are generally 
consistent with the criteria necessary for the application of the Ti-in-biotite thermometer, except 
the presence of graphite (Henry et al., 2005). The absence of graphite is not considered to be a 
significant issue in that it may introduce a minor increase in uncertainty (Henry et al., 2005). The 
biotite analyses from QC82-19 indicate Ti-in-biotite temperatures of 724-745 ± 24°C (Table 11). 
In accordance with the recommendations of Henry et al., (2005) the optimal temperature 
determination as that of the highest Ti content (i.e. 745ºC) – the decrease in Ti with increase in 
XMg is considered to represent minor thermal resetting on cooling. 
Table 11: Ti and XMg values for biotite analyses with the calculated Ti-in-biotite temperature 





biot-2 0.26 0.76 725 
biot-3 0.27 0.76 730 
biot-4 0.29 0.75 736 
biot-9 0.25 0.77 724 
biot-14 0.32 0.74 745 








For this lithology a whole rock composition suitable for pseudosection calculation is 
available from data of Eckelmann and Poldervaart (1957) i.e. sample 15/55 collected from this 
outcrop. The reported assemblage and modes are quartz (56%) + cordierite (18%) + biotite 
(14.5%) + orthopyroxene (6%) + anthophyllite (5%) + (magnetite/ilmenite) (0.5%). Other 
samples from the same outcrop have similar assemblages with significant amounts of rutile, as 
well as variable amounts of retrograde chlorite and talc. Magnetite was not found in samples 
collected from this outcrop for this study, and the identification of magnetite by Eckelmann and 
Poldervaart (1957) is probably incorrect.  Rare sillimanite is found as inclusions in cordierite in 
some samples, but were not calculated in the pseudosection, likely due to minor variations in the 
whole rock chemistry.  
Sample 14/55 composition was modeled in the KFMASHT system from 400-900°C and 
2.0-9.0 kbar. Diagrams were generated with an amount of water calculated from the bulk 
analysis (Figure 50) and with excess water (Figure 51). These provide a range of likely H2O 
parameters for this environment. 
 In the pseudosection diagram in which the amount of water was determined by the bulk 
analysis (Figure 50), the 14 possible stable phases over the range of PT conditions include 
andalusite, biotite, cordierite, chlorite, chloritoid, garnet, H2O, ilmenite, kyanite, orthoamphibole, 
orthopyroxene, quartz, rutile, talc and melt. The diagram is biotite- and quartz-saturated below 
the solidus, which occurs at ~850°C. The transition from orthoamphibole-bearing assemblages to 
orthopyroxene-bearing assemblages occurs at ~750°C. Garnet is present from ~700-850°C and 
above 8.5 kbar. The peak metamorphic mineral assemblage field orthopyroxene + cordierite + 





within the sillimanite field of the Al2SiO5 stability diagram so the included sillimanite is 
consistent with the peak assemblage conditions. The anthophyllite (orthoamphibole-Oam) + 
cordierite + biotite + quartz + ilmenite + H2O field is at ~650-750°C from~ 2.0-4.0 kbar and 
~700-750°C from 4.0-5.5 kbar. Multiple assemblages, mostly below 600°C and over a wide 
range of pressure, include both talc and chlorite with other phases. The chlorite + talc + 
cordierite + orthoamphibole + rutile + biotite + quartz assemblage occurs at ~500-600°C and 3.0-
5.0 kbar.  
 The excess-H2O diagram (Figure 51) is quartz, biotite and H2O-saturated below the 
solidus, which occurs at ~850°C. It is similar to the diagram with the calculated amount of water 
but differences occur below 650°C where the previous diagram is not H2O-saturated. The garnet-
bearing assemblages, orthopyroxene + cordierite + biotite + quartz + rutile + H2O and 
anthophyllite (orthoamphibole) + cordierite + biotite + quartz + ilmenite + H2O fields occur at 
the same pressures and temperatures. The assumption of excess H2O is most realistic for the low-
grade alteration in that the alteration involves massive hydration of the high-grade minerals. The 
field with chlorite with white mica occurring with rutile below 500°C is likely to be consistent 




 The pseudosections realistically predict the phase assemblages present in this unusual 
anthophyllite-biotite-quartz-cordierite-orthopyroxene gneiss and constrain the possible PT path 
that this rock experienced. Despite coexisting anthophyllite and orthopyroxene listed in the 
assemblage for this bulk composition, petrologic observations and relationships (i.e. 
anthophyllite rims on orthopyroxene cores) unambiguously indicate anthophyllite development 





orthopyroxene grains are evidence of a prograde path within the sillimanite zone. Furthermore, 
talc and chlorite alteration along anthophyllite, orthopyroxene and cordierite grain boundaries 
and fractures, as well as the eventual complete replacement of anthophyllite, orthopyroxene, 
cordierite and biotite by talc and chlorite indicate talc and chlorite developed after the 
anthophyllite growth during significant hydration. Based on rutile being partially replaced by 
ilmenite, rutile is interpreted as part of the peak metamorphic assemblage and ilmenite is a phase 
associated with the first stage of retrogression (i.e. anthophyllite development). 
The 724-745°C range of temperatures obtained by Ti-in-biotite could fall within either the peak 
orthopyroxene-bearing assemblage field or the anthophyllite-bearing alteration field. From 4.5-
5,5 kbar, the range in temperature could be either the orthopyroxene or anthophyllite assemblage, 
from 5.5-8.5 there is overlap with the orthopyroxene assemblage and below 4.5 kbar and there is 
overlap with the anthophyllite assemblage. The temperature range also overlaps the extremely 
narrow field between the two (labeled 8 on the water-calculated diagram), where both 
orthopyroxene and anthophyllite coexist. 
Therefore, several stages of mineral assemblage evolution are considered to construct a 
P-T path for the Quad Creek Plateau orthopyroxene-cordierite gneiss:  
1. sillimanite + cordierite (prograde P-T path) 
2. orthopyroxene + biotite + cordierite + quartz +  rutile (peak assemblage) 
3. anthophyllite + biotite + cordierite + quartz + ilmenite (retrogression 1) 
4. talc + chlorite + muscovite (retrogression 2) 
A prograde path, at least partially within the sillimanite zone, leads to the peak metamorphic 
assemblage orthopyroxene + cordierite + biotite + quartz + rutile at ~750-800°C and 4.5-8.5 





only requires cooling by ~20-50°C at 5.0 kbar but cooling could have been accompanied by a 
~2.5 kbar pressure reduction.  Fields where talc and chlorite coexist in the modeled temperature 
and pressure range are <600°C and 2.0-9.0 kbars. All modeled talc + chlorite assemblages also 
include several other phases, including cordierite, biotite and orthoamphibole. Because fine-
grained talc and chlorite completely replace cordierite and orthopyroxene, it is unlikely the 
modeled assemblages are indicative of the retrogression conditions. It is also likely the volume 
of equilibration during retrogression is smaller and thus the bulk composition is different than the 
modeled composition. In the excess water diagram, chlorite + white mica (pinite) retrogression 
occur together below 550°C. This is evidence of the latest stage of retrogression being associated 








Figure 50. Pseudosection in the KFMASHT system for the cordierite-orthopyroxene gneiss with 
an amount of H2O calculated from the bulk analysis (sample 14/55). Garnet-bearing fields are 
pink, the peak metamorphic assemblage with orthopyroxene is orange, the first stage of 
retrogression with anthophyllite replacing orthopyroxene and ilmenite replacing rutile is orange, 








Figure 51. Pseudosection in the KFMASHT system for the cordierite-orthopyroxene gneiss with 
excess H2O. The field with white mica (wm; muscovite) representing late-stage pinitization of 









CHAPTER V. DISCUSSION 
 
Application of multiple geothermobarometers combined with a petrogenetic grid and 
pseuodosections indicate a variety of xenolithic mafic metamorphic rocks, sillimanite-biotite 
gneisses and orthopyroxene-cordierite gneiss all reached peak metamorphic conditions in the 
upper amphibolite-lower granulite facies. A convergence of pressure-temperature results 
determined for sillimanite-biotite gneisses through a petrogenetic grid, the peak metamorphic 
assemblage field on a pseudosection for orthopyroxene-cordierite gneiss and the P-T range 
determined by Maas and Henry (2002) for peraluminous gneisses all overlap at ~775-800°C at 6-
7 kbars, corresponding to a depth of ~20 km (Figure 52). Additionally, there is overlap with the 
temperatures calculated for mafic rocks through hornblende-plagioclase thermometry at an 
assumed 7.0 kbar pressure. This temperature is considered to be equivalent to the M1 granulite 
event consistent with the ~810°C proposed by Henry et al. (1982) but is at a slightly higher 
pressure compared to the 5.7 kbar previously determined.  
Pseudosections for mafic and orthopyroxene-cordierite gneisses with the peak 
metamorphic assemblage fields are consistently located near the solidus and indicate 
equilibration at near-melting conditions. Migmatites common in the eastern Beartooth Mountains 
and the limited development of leucosome in a sillimanite-biotite gneiss incorporated into this 
study are indicative of local melting for these bulk compositions. Pseudosections calculated at 
different levels of H2O contents also illustrate how addition of water causes significant 
depression of the solidus temperature in otherwise compositionally equivalent bulk 
compositions. If temperatures of equilibrium for the M1 granulite event are already at near-





Amphibole rims developing around pyroxene cores in two different compositions, the 
orthopyroxene-cordierite gneiss and mafic rocks, are clear textural evidence of the lower-
temperature M2 event accompanied by rehydration subsequent to peak granulite facies 
conditions.  This is exhibited by anthophyllite replacing orthopyroxene in orthopyroxene-
cordierite gneiss and by magnesiohornblende rims on clinopyroxene cores in some mafic 
samples.  The sample that most clearly illustrates this relationship (WC82-11) has an associated 
hornblende-plagioclase temperature of 758±40°C at 7.0 kbar assumed pressure.   
However, relationships between amphibole and pyroxene are not clear in cases where 
there are patches of pyroxene intimately associated with amphibole. It could be argued that 
amphiboles are becoming dehydrated or pyroxenes are becoming rehydrated.  
 Additionally, actinolitic rims on magnesiohornblende cores illustrate a relationship 
between two amphibole compositions similar to that seen when pyroxenes are partially replaced 
by an amphibole rim.  Actinolitic rim compositions on magnesiohornblende cores yield a lower 
hornblende-plagioclase temperature of ~650° compared to the typical core temperature of 
~750°C, which is probably not coincidentally equivalent to the rim-derived temperature from the 
amphibole rim on pyroxene core from WC82-11 of ~750°C.  
   However, pressure is not well-constrained for the mafic rocks with available 
hornblende-plagioclase thermometry data since pressure is an assumed value in calculating 
temperatures. Pressure is better constrained in garnet-bearing assemblages, yielding pressures of 
~6.5-7.0 kbar from 3 barometers.  Because the pressure is calculated using garnet data, it is most 
reasonably associated with the ~650°C temperature estimated by garnet-biotite thermobarometry.  
Lastly, an even lower-temperature alteration is manifest as epidote formation in mafic 





overprint ~450°C was previously determined in an amphibolite metasomatically-altered by Ba-
rich fluids also from the eastern Beartooth Mountains (Will et al., 2010). The core amphibole-
plagioclase temperature of that sample was 650°C and the rim was 450°C. Some of the proximal 
metamorphosed ultramafic lithologies also contain hydrated retrograde antigorite after olivine, 
and consistent with the 450°C overprint (Henry, personal communication.) This is additional 
evidence for the interaction of fluids.  
Unfortunately, the timing of the various metamorphic events in the Beartooth Mountains 
remains unclear, despite over 50 years of work by various groups. The only clearly metamorphic 






Figure 52. Pressure-Temperature diagram showing a summary of data from thermobarometers, petrogenetic grid and pseudosections 





CHAPTER VI. CONCLUSION 
 
 A record of early crustal evolution is preserved in the compositionally diverse 
metamorphic rocks of the eastern Beartooth Mountains, northern Wyoming Province, USA. 
Three xenolithic lithologies, mafic rocks, sillimanite-biotite gneisses and an orthopyroxene-
cordierite gneiss, provide insight into conditions predating intrusion of the abundant 2.8 Ga 
granitic gneisses through multiple subsequent episodes of metamorphism. Combined 
thermobarometry, petrogenetic grid and pseudosection modeling results for the three lithologies 
are in good agreement.  
There is evidence for modern-style plate tectonics in the mafic rocks studied. 
Metamorphic amphibole-bearing xenoliths included within the abundant granitic gneisses have 
mafic to intermediate bulk compositions classifying as basalts, basaltic andesites and andesites 
based on the total alkali silica (TAS) diagram for volcanic rocks. Liquidus conditions determined 
by the melt thermobarometer of Lee et al. (2009) for these amphibolites suggest initial derivation 
of the protolith from a mid-ocean ridge environment or from subduction-zone volcanism as 
opposed to decompression melting or hotspot volcanism. Additionally, allied isotopic studies of 
detrital zircons in quartzites suggest a transition from plume dominated tectonics to modern-style 
subduction tectonics after 2.8 Ga (Mueller et al., in review).  
 Pressure and temperature conditions indicate four metamorphic events (M1-M4):  
M1: granulite facies at near-solidus temperatures (~775-800°C, ~7.0 kbar) representing 
pre-intrusion conditions accompanied by tectonic mixing of supracrustal lithologies and 
intense folding   
 
M2 and M3: mid-to-upper amphibolite facies (~650°C, ~750°C) with rehydration related 
to series of 2.8 Ga granitic intrusions 
 






K-Ar muscovite and biotite ages, respectively, indicate cooling had reached <350°C by 2.5 Ga 
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Rock Type Am Ap Bt Crd Chr Gr Gt Kfs Mnz Ms Myr Opq Pl Pxy Qz Rt Sil Srp Ttn Zrn 
Secondary 
Chl Ep Ser Tlc 
10LCP727-01 lineated Zrn, Bt, Ttn-bearing Qz-Chl-Ser-Hbl amphibolite    - <1 - - - - - - 1 - <1 - - 30 - - - 3 <1 5 - 30 - 
10LCP727-02 
Zrn and Ttn-bearing Qz-Pl-Hbl amphibolite 60 <1 - - - - - - - - - 1 30 - 3 - - - 2 <1 - <1 2 - 
Quartzofeldspathic Vein - <1 - - - - - 3 - - <1 - 50 - 40 - - - 1 <1 - - 3 - 
10LCP727-03 Zrn-bearing Sil-Pl-Bt-Qz mylonite - - 15 - - - - - <1 - - - 15 - 60 - 10 - - <1 - - 1 - 
10LCP727-04 
Zrn-bearing Ep-Hbl amphibolite with Cpx granulite layers 30 - - - - - - - - - - <1 1 30 3 - - - 5 <1 - 30 - - 
Quartzofeldspathic vein <1 - - - - - - - - - - - 50 - 50 - - - <1 <1 - <1 - - 
10LCP727-05 
Zrn-bearing Ep-Ttn-Pl-Qz-Hbl amphibolite with Cpx granulite 
layers 
30 - - - - - - - - - - - 10 30 20 - - - 7 <1 - 5 - - 
10LCP727-07 lineated Qz-Ser-Hbl amphibolite 45 - - - - ? - - - - - 4 - - 20 1 - - - <1 1 - 30 - 
10LCP727-08 Zrn-bearing Sil-Bt-Qz mylonite - - 30 - - - - - <1 - - <1 - - 40 - 30 - - <1 - - ?sil - 
10LCP727-09 Zrn-bearing Sil-Ser-Bt-Qz mylonite - - 30 - - - - 4 <1 2 - <1 - - 40 <1 10 - - <1 - - 15 - 
10LCP727-10 Zrn and Rt-bearing graphitic Sil-Bt-Kfs-Qz mylonite - - 5 - - 1 - <1 - - - 2 - - 30 1 10 - - <1 - - 45 - 
10LCP727-11 Zrn and Rt-bearing graphitic Sil-Bt-Ser-Qz mylonite - <1 10 - - 2 - 15 - 1 - - - - 60 <1 10 - <1 <1 - - - - 
10LCP727-12 Zrn, Bt and Rt -bearing quartzite - - 2 - - - - - - 2 - - - - 90 <1 - - - <1 - - 2 - 
10LCP727-13 serpentinite  - - - - - - - - - - - 10 - - - - - 90 - - ? - - - 
10LCP727-14 Chl-bearing actinolitite  97 - - - - - - - - - - - - - - - - - - - 3 - - - 
10QCP728-01 Zrn, Ttn and Pl-bearing Ep-Cpx-Qz-Ser-Amp migmatite 30 - - - - - - - - - - <1 2 15 15 - - - 1 <1 - 10 25 - 
10QCP728-02 Zrn and Rt-bearing Qz-Bt-Ath-Crd-Opx gneiss 10 <1 15 24 - - - - - - - 1 - 35 15 <1 <1 - - <1 - - - - 
10QCP728-03 Talcified & Chloritized Zrn-bearing Qz-Rt-Ath-Opx-Crd gneiss 10 <1 <1 - - - - - - - - - - 2 5 2 - - - <1 40 - - 40 
10QCP728-04 Zrn and Rt-bearing Ath-Bt-Qz-Opx-Crd gneiss 7 <1 15 20 - - - - - - - 2 - 30 10 1 - - - <1 7 - 10 7 
10QCP728-05 Zrn and Ath-bearing Bt-Qz-Crd-Opx gneiss 5 - 10 17 - - - - - - - 3 - 30 15 - - - - <1 10 - - 10 
10QCP728-06 Amp-Ser-Chl migmatite 20 1 - - - - - - - - - <1 2 - 2 - - - - - 40 - 35 - 
10QCP728-07 
Tlc chromitite - - - - 50 - - - - - - - - - - - - - - - - - - 50 
Cr-Amp vein 100 - - - - - - - - - - - - - - - - - - - - - - - 
10QCP728-08 Pl-Qz-Hbl amphibolite 40 - - - - - - - - - - <1 5 - 15 - - - - - 1 <1 40 - 
10QCP728-09 Hbl-bearing Bt-Grt gneiss 2 - 25 - - - 40 - - - - 2 15 - 10 - - - - - - - - - 
10QCP728-10 Rt-bearing Sil-Qz migmatite - - - - - - - - - <1 - - - - 7 3 20 - - - - - 1 - 
10WC729-01 Zrn and Ttn-bearing Pl-Bt-Qz-Kfs granitic gneiss - <1 20 - - - - 30 - - 1 - 20 - 25 - - - 1 <1 - <1 - - 
10WC729-02 Zrn-Opq-Ttn-Kfs-bearing Pl-Pxy-Qz-Ep-Hbl amphibolite 45 - - - - - - 2 - - - 1 10 10 10 - - - 2 <1 - 15 5 - 
10WC729-03 Zrn and Bt-bearing Qz-Kfs gneiss - - 4 - - - - 50 - <1 1 1 2 - 40 - - - - <1 <1 - 2 - 
10HLT730-01 
Zrn and Ttn-bearing Qz-Opq-Bt-Kfs gneissic migmatite - - 20 - - - - 50 - - - 10 - - 7 - - - 3 <1 - <1 10 - 
Qz-Kfs leucosome - 1 - - - - - 70 - - - - - - 30 - - - - <1 <1 - - - 
10HLT730-02 Ttn, Zrn, Pxy-bering Qz-Bt-Hbl-Pl gneiss 20 <1 20 - - - - - - - - - 35 1 15 - - - 2 <1 - 2 - - 
10HLT730-03 Ttn, Zrn and Ap-bearing Amp-Pl-Qz amphibolite 20 2 15 - - - - - - - - 5 25 - 25 <1 - - <1 <1 - <1 5 - 
10HLT730-04 banded ironstone 35 - - - - - - - - - - 20 - - 40 - - - - - - 5 - - 
10CL731-01 mafic dike 5 - - - - - - - - - 5 10 45 20 2 - - - - - - - 10 - 
10CL731-02 Ttn and Pxy-bearing Pl-Qz-Hbl amphibolite 55 - - - - - - - - - - 1 10 1 25 - - - 2 <1 - 1 5 - 
10CL731-03 Sericitized Zrn and Ttn-bearing Qz-Chl-Hbl amphibolite 40 - - - - - - - - - - 1 - - 10 - - - 1 <1 10 <1 35 - 














sample HLT-02 LCP-06 LCP-06 LCP-08 LCP-07 LCP-07 LCP-08 LCP-09 LCP-09 LCP-11 LCP-11
point bt bt1 bt2 bt1 bt1 bt2 bt2 bt1 bt2 bt-1 bt-2
wt %
SiO2 36.05 36.01 35.51 36.47 34.27 34.46 36.54 34.27 34.46 35.85 36.33
TiO2 2.17 2.28 2.16 1.95 2.72 2.76 1.88 2.72 2.76 2.32 2.19
Al2O3 16.06 20.43 20.45 20.68 20.33 19.90 20.58 20.33 19.90 20.34 21.32
Cr2O3 0.12 0.21 0.14 0.08 0.25 0.21 0.11 0.25 0.21 0.15 0.13
FeO 19.45 12.79 14.23 12.43 18.89 18.64 12.58 18.89 18.64 13.74 13.11
MnO 0.27 0.33 0.34 0.12 0.08 0.10 0.09 0.08 0.10 0.28 0.34
MgO 12.27 13.76 13.96 14.24 9.69 9.87 14.37 9.69 9.87 13.10 14.82
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.01 0.00
BaO 0.63 0.02 0.07 0.17 0.07 0.00 0.25 0.07 6.26 0.11 0.04
Na2O 0.07 0.13 0.09 0.10 0.00 0.05 0.12 0.00 0.05 0.08 0.12
K2O 9.73 9.60 8.89 9.33 9.73 10.17 8.97 9.73 10.17 8.93 8.59
F - - - - - - - - - - -
Cl - - - - - - - - - - -
Subtotal 96.82 95.56 95.84 95.57 96.03 96.16 95.49 96.03 102.46 94.91 96.98
H2O(calc) 3.96 4.08 4.07 4.10 3.96 3.96 4.10 3.96 4.03 4.05 4.16
O=F,Cl - - - - - - - -
Total 100.78 99.64 99.91 99.67 99.99 100.12 99.59 99.99 106.49 98.95 101.14
normalization based on 22 anions
sample HLT-02 LCP-06 LCP-06 LCP-08 LCP-07 LCP-07 LCP-08 LCP-09 LCP-09 LCP-11 LCP-11
point bt bt1 bt2 bt1 bt1 bt2 bt2 bt1 bt2 bt-1 bt-2
apfu
Si 5.46 5.30 5.23 5.34 5.18 5.21 5.35 5.18 5.13 5.31 5.23
Ti 0.25 0.25 0.24 0.21 0.31 0.31 0.21 0.31 0.31 0.26 0.24
Al 2.87 3.54 3.55 3.57 3.63 3.55 3.55 3.63 3.49 3.55 3.62
Cr 0.01 0.02 0.02 0.01 0.03 0.03 0.01 0.03 0.02 0.02 0.01
Fe
2+
2.46 1.57 1.75 1.52 2.39 2.36 1.54 2.39 2.32 1.70 1.58
Mn 0.03 0.04 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.04 0.04
Mg 2.77 3.02 3.07 3.11 2.19 2.23 3.13 2.19 2.19 2.90 3.18
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Ba 0.04 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.36 0.01 0.00
Na 0.02 0.04 0.03 0.03 0.00 0.01 0.03 0.00 0.01 0.02 0.03
K 1.88 1.80 1.67 1.74 1.88 1.96 1.67 1.88 1.93 1.69 1.58
F - - - - - - - -
Cl - - - - - - - -
XMg 0.53 0.66 0.64 0.67 0.48 0.49 0.67 0.48 0.49 0.63 0.67





APPENDIX B: BIOTITE EPMA DATA, CONTINUED 
 
sample QC-53 QC-53 QC-53 QC-53 QC-53 QC-53
point biot-1 biot-2 biot-3 biot-4 biot-5 biot-6
wt %
SiO2 37.18 36.27 36.72 36.56 36.75 36.00
TiO2 3.06 3.26 2.38 2.84 2.67 2.98
Al2O3 17.02 17.62 17.40 17.72 17.41 16.99
FeO
total
19.72 19.68 19.68 19.36 19.53 19.58
Mno 0.02 0.02 0.00 0.00 0.00 0.00
MgO 12.41 12.68 12.82 12.82 12.99 12.67
CaO 0.10 0.03 0.00 0.09 0.04 0.00
Na2O 0.16 0.19 0.11 0.22 0.13 0.13
K2O 5.79 6.46 6.12 5.79 6.03 6.57
Subtotal 95.46 96.21 95.23 95.40 95.55 94.92
T (iv) site: Si  5.53 5.38 5.48 5.43 5.46 5.42
  Al   2.47 2.62 2.52 2.57 2.54 2.58
  Fe
3+
0.00 0.00 0.00 0.00 0.00 0.00
T site total 8.00 8.00 8.00 8.00 8.00 8.00
Al (total) 2.98 3.08 3.06 3.10 3.05 3.02
R (vi) site: Al 0.51 0.46 0.54 0.54 0.51 0.44
   Ti 0.34 0.36 0.27 0.32 0.30 0.34
   Fe2+ 2.45 2.44 2.46 2.41 2.43 2.47
   Mn
2+
0.00 0.00 0.00 0.00 0.00 0.00
   Mg 2.75 2.80 2.85 2.84 2.88 2.84
R site vacancy 0.00 0.00 0.00 0.00 0.00 0.00
Y-site total 6.05 6.07 6.12 6.10 6.12 6.08
A (XII) site: Ca 0.02 0.00 0.00 0.01 0.01 0.00
    Ba 0.00 0.00 0.00 0.00 0.00 0.00
    Na 0.05 0.05 0.03 0.06 0.04 0.04
    K 1.10 1.22 1.17 1.10 1.14 1.26
A-site vacancy 0.84 0.72 0.80 0.82 0.81 0.70
A-site total 2.00 2.00 2.00 2.00 2.00 2.00
X (anion) site: OH 4.00 4.00 4.00 4.00 4.00 4.00
anion-site total 4.00 4.00 4.00 4.00 4.00 4.00
Fe
3+
/(Fetot) 0.00 0.00 0.00 0.00 0.00 0.00
Mg/(Mg+Fetot) 0.53 0.53 0.54 0.54 0.54 0.54
Mg/(Mg+Fe
2+








) 0.09 0.08 0.09 0.09 0.09 0.08
K/(A-site total) 0.55 0.61 0.58 0.55 0.57 0.63
Vacancy/(A-site total) 0.42 0.36 0.40 0.41 0.41 0.35
Ba/(A-site total) 0.00 0.00 0.00 0.00 0.00 0.00
Na/(A-site total) 0.02 0.03 0.02 0.03 0.02 0.02
Ti-in-Bt (°C) 692 703 655 684 674 692




APPENDIX B: BIOTITE EPMA DATA, CONTINUED 
 
 
sample LQC-01 LQC-01 QC81-13 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QC82-19 QC82-19 QC82-19 QC82-19 QC82-19 QC82-19
point bt-2 bt-1 biot-1 bt1 6 7 8 9 10 11 12 13 14 15 20 21BIOT-2 COREBIOT-3 COREBIOT-4 RIMBIOT-9 MATRIXBIOT-14 MATRIX ave (n=5)
wt %
SiO2 36.05 36.44 36.74 35.68 35.82 36.29 36.17 36.28 36.29 35.81 36.17 36.40 36.32 36.29 36.30 36.11 38.74 38.68 38.78 38.5 37.79 38.50
TiO2 2.36 2.39 3.45 3.97 3.47 3.67 4.21 3.95 4.34 4.05 4.08 4.11 4.05 4.12 4.04 4.12 2.36 2.46 2.71 2.33 2.91 2.55
Al2O3 19.34 19.16 18.40 16.17 15.68 16.35 16.10 15.98 15.90 15.79 15.94 15.85 16.08 15.87 16.04 15.80 16.51 16.65 16.68 16.81 16.69 16.67
Cr2O3 0.10 0.12 0.19 0.05 0.00 0.06 0.01 0.00 0.01 0.08 0.00 0.00 0.02 0.10 0.00 0.03 0.03 0.05 0.04 0.02 0.02 0.03
FeO 15.79 15.65 13.45 20.41 20.59 21.10 21.23 21.10 20.91 21.77 21.24 21.47 21.16 21.43 20.83 21.51 10.17 10.41 10.43 9.84 11.08 10.39
MnO 0.17 0.21 0.11 0.06 0.00 0.01 0.00 0.06 0.04 0.03 0.02 0.00 0.00 0.02 0.04 0.00 0.02 0.00 0.00 0.00 0.02 0.01
MgO 12.96 12.98 13.22 11.24 11.24 11.31 11.19 11.14 11.18 11.35 11.18 11.08 11.28 11.21 11.28 11.13 18.20 18.17 17.72 18.55 17.29 17.99
CaO 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
BaO 0.17 0.15 0.00 0.10 0.06 0.09 0.07 0.09 0.11 0.10 0.00 0.05 0.00 0.10 0.11 0.11 0.04 0.02 0.04 0.02 0.02 0.03
Na2O 0.10 0.07 0.11 0.08 0.02 0.09 0.01 0.06 0.16 0.10 0.06 0.10 0.13 0.12 0.09 0.12 0.38 0.36 0.36 0.29 0.30 0.34
K2O 10.45 10.39 9.39 10.02 8.91 9.47 9.68 9.02 9.59 8.84 9.75 9.03 9.63 8.87 9.48 8.77 8.93 9.17 9.04 9.09 8.98 9.04
F - - 0.25 - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.08 0.06 0.09 0.1 0.08
Cl - - - - 0.13 0.12 0.11 0.12 0.12 0.11 0.13 0.12 0.12 0.10 0.09 0.14 0.07 0.06 0.06 0.05 0.06 0.06
Subtotal 97.49 97.58 95.06 97.78 95.92 98.57 98.78 97.81 98.66 98.02 98.57 98.21 98.79 98.23 98.31 97.85 95.52 96.11 95.92 95.59 95.26 95.68
H2O(calc) 4.07 4.09 3.93 3.99 3.90 4.00 4.00 3.97 4.00 3.97 3.98 3.99 4.00 3.99 4.00 3.96 4.09 4.11 4.11 4.09 4.04 4.09
O=F,Cl  - - 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.02 0.02 0.03 0.05 0.05 0.04 0.05 0.06 0.05
Total 101.57 101.66 98.99 101.77 99.79 102.55 102.75 101.76 102.62 101.97 102.53 102.17 102.76 102.20 102.29 101.78 99.57 100.17 99.99 99.63 99.25 99.72
normalization based on 22 anions
sample LQC-01 LQC-01 QC81-13 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QC82-19 QC82-19 QC82-19 QC82-19 QC82-19 QC82-19
point bt-2 bt-1 biot-1 bt1 6 7 8 9 10 11 12 13 14 15 20 21BIOT-2 COREBIOT-3 COREBIOT-4 RIMBIOT-9 MATRIXBIOT-14 MATRIX ave (n=5)
apfu
Si 5.31 5.35 5.44 5.36 5.46 5.40 5.38 5.43 5.40 5.37 5.40 5.43 5.40 5.42 5.41 5.41 5.61 5.58 5.60 5.56 5.52 5.57
Ti 0.26 0.26 0.38 0.45 0.40 0.41 0.47 0.44 0.49 0.46 0.46 0.46 0.45 0.46 0.45 0.46 0.26 0.27 0.29 0.25 0.32 0.28
Al 3.36 3.31 3.21 2.86 2.82 2.87 2.82 2.82 2.79 2.79 2.80 2.79 2.82 2.79 2.82 2.79 2.82 2.83 2.84 2.86 2.87 2.84
Cr 0.01 0.01 0.02 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Fe
2+
1.94 1.92 1.67 2.57 2.63 2.63 2.64 2.64 2.60 2.73 2.65 2.68 2.63 2.67 2.60 2.70 1.23 1.26 1.26 1.19 1.35 1.26
Mn 0.02 0.03 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 2.84 2.84 2.92 2.52 2.55 2.51 2.48 2.49 2.48 2.54 2.49 2.47 2.50 2.49 2.51 2.49 3.93 3.91 3.81 4.00 3.77 3.88
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ba 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.03 0.02 0.03 0.02 0.01 0.03 0.00 0.02 0.05 0.03 0.02 0.03 0.04 0.03 0.03 0.03 0.11 0.10 0.10 0.08 0.08 0.09
K 1.96 1.95 1.77 1.92 1.73 1.80 1.84 1.72 1.82 1.69 1.86 1.72 1.83 1.69 1.80 1.68 1.65 1.69 1.66 1.68 1.67 1.67
F - - 0.12 - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.04 0.03 0.04 0.05 0.04
Cl - - - - 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.02 0.04 0.02 0.01 0.01 0.01 0.01 0.01
XMg 0.59 0.60 0.64 0.50 0.49 0.49 0.48 0.48 0.49 0.48 0.48 0.48 0.49 0.48 0.49 0.48 0.76 0.76 0.75 0.77 0.74 0.76
TIB (°C) 667 670 735 725 707 711 729 722 734 725 725 726 724 726 725 727 724 727 738 726 743 732




APPENDIX B: BIOTITE EPMA DATA, CONTINUED 
 
 
sample WC82-33 WC82-33 WC82-33 CL82-70 CL82-71 CL82-72
point bt1 bt2 bt7 pt-3 pt-1 pt-1
wt %
SiO2 33.87 35.14 36.15 36.07 35.23 34.91
TiO2 1.46 1.23 1.93 2.95 2.88 3.12
Al2O3 18.02 18.60 18.46 14.96 15.49 15.35
Cr2O3 0.09 0.01 0.08 0.45 0.04 0.04
FeO 17.52 17.02 17.71 18.8 21.58 23.15
MnO 0.07 0.12 0.10 0.28 0.37 0.21
MgO 12.11 11.92 11.83 11.31 9.02 8.08
CaO 0.01 0.00 0.02 0.01 0.01 0.03
BaO 0.00 0.00 0.00 0.04 0.11 0.17
Na2O 0.14 0.05 0.21 0.09 0.06 0.06
K2O 10.31 10.50 9.78 10.01 10.02 9.93
F 0.00 0.00 0.00 0.14 0.1 0.03
Cl 0.00 0.00 0.00 0.26 0.13 0.08
Subtotal 97.45 98.51 100.27 94.97 94.81 95.05
H2O(calc) 3.85 3.92 4.00 3.76 3.75 3.78
O=F,Cl 0.00 0.00 0.00 0.12 0.07 0.03
Total 97.45 98.51 100.27 99.01 98.72 98.90
normalization based on 22 anions
sample WC82-33 WC82-33 WC82-33 CL82-70 CL82-71 CL82-72
point bt1 bt2 bt7 pt-3 pt-1 pt-1
apfu
Si 5.27 5.37 5.41 5.55 5.52 5.49
Ti 0.17 0.14 0.22 0.34 0.34 0.37
Al 3.30 3.35 3.26 2.71 2.86 2.85
Cr 0.01 0.00 0.01 0.05 0.00 0.00
Fe
2+
2.28 2.18 2.22 2.42 2.83 3.05
Mn 0.01 0.02 0.01 0.04 0.05 0.03
Mg 2.81 2.72 2.64 2.60 2.11 1.90
Ca 0.00 0.00 0.00 0.00 0.00 0.01
Ba 0.00 0.00 0.00 0.00 0.01 0.01
Na 0.04 0.01 0.06 0.03 0.02 0.02
K 2.05 2.05 1.87 1.97 2.00 1.99
F 0.00 0.00 0.00 0.07 0.05 0.01
Cl 0.00 0.00 0.00 0.07 0.03 0.02
XMg 0.55 0.56 0.54 0.52 0.43 0.38
TIB (°C) 575 532 621 690 672 680




APPENDIX C: GARNET EPMA DATA 
 
 
point 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 ave core rim
wt %
SiO2 38.01 38.06 37.72 38.14 37.98 38.21 38.00 38.22 38.17 38.11 37.80 38.19 38.33 38.64 37.56 38.08 37.52 37.37
TiO2 0.02 0.00 0.01 0.04 0.011 0.005 0.02 0.02 0.01 0.00 0.00 0.03 0.04 0.00 0.03 0.02 0.03 0.02
Al2O3 20.98 21.08 21.00 21.01 21 20.91 21.00 21.37 20.93 21.13 21.05 21.24 21.06 21.41 21.27 21.10 21.34 21.06
Cr2O3 0.00 0.03 0.03 0.01 0.025 0.055 0.02 0.04 0.00 0.00 0.00 0.02 0.00 0.04 0.00 0.02 0.00 0.00
FeO 31.86 30.95 31.07 31.10 30.84 31.07 31.84 31.21 31.49 30.94 32.16 31.25 31.55 31.44 32.56 31.42 33.24 30.39
MnO 1.05 1.02 0.89 1.06 0.954 0.94 0.95 0.89 0.92 0.90 0.96 0.99 1.02 0.98 1.07 0.97 1.72 1.01
MgO 4.04 4.20 4.29 4.17 4.21 4.13 4.09 4.14 4.24 4.08 4.22 4.11 4.18 4.17 3.29 4.10 2.66 4.19
CaO 5.40 5.62 5.38 5.70 5.67 5.58 5.55 5.74 5.57 5.70 5.55 5.65 5.68 5.57 5.32 5.58 4.43 5.10
Total 101.37 100.95 100.39 101.23 100.7 100.9 101.47 101.62 101.32 100.86 101.74 101.48 101.86 102.25 101.10 101.28 100.94 99.14
normalization based on 12 oxygens with Fe
3+
 by charge balance
point 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 ave core rim
apfu
Si 2.98 2.99 2.98 2.99 2.99 3.00 2.97 2.98 2.99 2.99 2.95 2.97 2.98 3.00 2.96 2.98 2.98 2.98
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.95 1.96 1.96 1.95 1.95 1.94 1.95 1.97 1.94 1.96 1.95 1.95 1.94 1.96 1.99 1.95 2.00 1.99
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe
2+
1.98 1.96 1.96 1.95 1.95 1.99 1.97 1.96 1.96 1.98 1.93 2.03 1.96 1.99 2.06 1.98 2.18 1.98
Mn
2+
0.07 0.07 0.06 0.07 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.07 0.06 0.07 0.06 0.12 0.07
Mg 0.47 0.49 0.50 0.49 0.49 0.48 0.48 0.48 0.49 0.48 0.49 0.48 0.49 0.48 0.39 0.48 0.32 0.50
Ca 0.45 0.47 0.45 0.48 0.48 0.47 0.47 0.48 0.47 0.48 0.46 0.47 0.47 0.46 0.45 0.47 0.38 0.44
Fe3+ 0.10 0.08 0.09 0.08 0.08 0.06 0.11 0.07 0.10 0.06 0.17 0.05 0.09 0.05 0.09 0.09 0.03 0.05
Fe3+/(Fetot) 0.05 0.04 0.04 0.04 0.04 0.03 0.05 0.04 0.05 0.03 0.08 0.02 0.05 0.03 0.04 0.04 0.02 0.02
Mg/(Mg+Fetot) 0.18 0.19 0.20 0.19 0.20 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.15 0.19 0.12 0.20
Mg/(Mg+Fe2+) 0.19 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.19 0.20 0.19 0.20 0.20 0.16 0.20 0.13 0.20
Almandine 66.60 65.47 65.77 65.36 65.36 66.38 66.20 65.80 65.78 66.03 65.47 68.35 65.63 66.33 69.39 66.26 72.91 66.39
Pyrope 15.84 16.45 16.95 16.29 16.52 16.16 16.04 16.14 16.56 15.96 16.64 16.03 16.25 16.09 13.04 16.06 10.56 16.71
Spessartine 2.35 2.26 2.00 2.35 2.13 2.09 2.12 1.98 2.03 1.99 2.15 2.19 2.26 2.14 2.41 2.16 3.88 2.29
Grossular 12.75 13.73 13.68 13.31 13.72 12.42 13.30 14.90 12.56 14.04 14.18 11.64 12.93 13.40 15.08 13.44 12.55 14.20
Andradite 2.40 2.00 1.47 2.55 2.16 2.76 2.22 1.03 3.05 1.98 1.55 1.63 2.83 1.92 0.00 1.97 0.00 0.35
Schorlomite 0.07 0.00 0.04 0.11 0.03 0.01 0.06 0.05 0.02 0.00 0.00 0.08 0.11 0.00 0.09 0.05 0.09 0.06
Uvarovite 0.00 0.09 0.09 0.03 0.08 0.17 0.06 0.11 0.00 0.00 0.00 0.08 0.00 0.13 0.00 0.05 0.00 0.00




















sample QC-53 QC-53 QC-53 QC-53 QC-53 QC-53 QC-53 QC-53 QC-53 QC-53
point 177 178 179 180 181 182 183 184 185 186
wt %
SiO2 37.65 37.58 37.58 37.50 37.51 37.44 37.48 37.54 37.54 37.51
Al2O3 21.01 21.08 21.17 21.19 21.26 21.15 21.11 21.06 20.91 21.14
FeOtotal 30.84 30.78 30.59 30.51 30.56 30.85 30.72 30.69 30.88 30.57
MnO 0.97 0.94 0.92 0.94 0.97 0.95 0.97 0.01 0.94 0.95
MgO 4.39 4.40 4.52 4.46 4.03 4.12 4.33 4.29 4.37 4.39
CaO 5.00 4.92 4.80 4.79 4.95 4.87 4.92 5.01 4.93 4.81
Subtotal 99.86 99.70 99.58 99.39 99.28 99.38 99.53 98.60 99.57 99.37
Z (iv) site: Si  2.98 2.98 2.98 2.98 2.99 2.99 2.98 3.01 2.99 2.99
  Fe
3+
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
  Al   0.02 0.02 0.02 0.02 0.01 0.01 0.02 0.00 0.01 0.01
Z (tet) site total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.01 3.00 3.00
Al (total) 1.97 1.98 1.99 1.99 2.00 1.99 1.98 1.99 1.97 1.99
Fe
3+
(total) 0.07 0.06 0.05 0.05 0.01 0.04 0.06 0.00 0.07 0.04
Y (vi) site: Al 1.95 1.95 1.96 1.97 1.99 1.97 1.96 1.99 1.94 1.97
   Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   V
3+
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Cr
3+
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Fe3+ 0.07 0.06 0.05 0.05 0.01 0.04 0.06 0.00 0.07 0.04
Y (vi) site total 2.02 2.02 2.02 2.02 2.01 2.01 2.02 1.99 2.01 2.01
X-site (viii) Fe2+ 1.98 1.98 1.98 1.98 2.02 2.02 1.98 2.06 1.98 1.99
   Mn
2+
0.07 0.06 0.06 0.06 0.07 0.06 0.07 0.00 0.06 0.06
   Mg 0.52 0.52 0.53 0.53 0.48 0.49 0.51 0.51 0.52 0.52
   Ca 0.42 0.42 0.41 0.41 0.42 0.42 0.42 0.43 0.42 0.41
X-site (viii) total 2.98 2.98 2.98 2.98 2.99 2.99 2.98 3.00 2.99 2.99
Fe
3+
/(Fetot) 0.03 0.03 0.03 0.02 0.01 0.02 0.03 0.00 0.03 0.02
Mg/(Mg+Fetot) 0.20 0.20 0.21 0.21 0.19 0.19 0.20 0.20 0.20 0.20
Mg/(Mg+Fe
2+
) 0.21 0.21 0.21 0.21 0.19 0.20 0.21 0.20 0.21 0.21
Almandine 66.21 66.40 66.31 66.46 67.65 67.51 66.52 68.94 66.45 66.67
Pyrope 17.38 17.45 17.93 17.73 16.02 16.40 17.22 17.18 17.35 17.45
Spessartine 2.18 2.12 2.07 2.12 2.19 2.15 2.19 0.02 2.12 2.15
Grossular 12.88 13.19 13.27 13.58 14.14 13.80 13.64 13.86 12.54 13.37
Andradite 1.35 0.83 0.41 0.10 0.00 0.13 0.43 0.00 1.53 0.37













sample HLT-04 WC-02 LCP-05 LCP-05 LCP-05 LCP-05
point ep ep 164 165 166 179
SiO2 37.71 38.10 37.45 37.55 37.54 37.74
TiO2 0.02 - 0.03 0.04 0.02 0.08
Al2O3 22.88 25.24 24.68 25.48 25.70 25.73
Cr2O3 0.04 - 0.01 0.02 0.00 0.00
Fe2O3 15.70 12.12 11.43 10.98 11.20 11.30
MnO 0.47 - 0.11 0.13 0.14 0.18
MgO 0.02 0.02 0.01 0.02 0.00 0.06
CaO 22.33 24.14 24.01 24.14 23.96 24.53
BaO 0.00 - 0.04 0.00 0.00 0.00
Na2O 0.03 0.02 0.03 0.01 0.04 0.00
K2O 0.01 0.00 0.01 0.00 0.00 0.00
Total 99.21 99.64 97.81 98.37 98.60 99.62
sample HLT-04 WC-02 LCP-05 LCP-05 LCP-05 LCP-05
point ep ep 164 165 166 179
apfu
Si 2.98 2.97 2.98 2.96 2.95 2.94
Ti 0.00 - 0.00 0.00 0.00 0.00
Al 2.13 2.32 2.31 2.37 2.38 2.36
Fe
3+
0.94 0.71 0.68 0.65 0.66 0.66
Mn 0.03 - 0.01 0.01 0.01 0.01
Mg 0.00 0.00 0.00 0.00 0.00 0.01
Ca 1.89 2.02 2.04 2.04 2.02 2.05
Ba - - - - - -
Na 0.01 0.00 0.00 0.00 0.01 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00
Sum 7.98 8.02 8.03 8.03 8.03 8.04






APPENDIX E: CORDIERITE EPMA DATA 
 




   point CORD-5 CORD-6 CORD-13 CORD-15 crd-2009 ave (n=5) 
wt % 
      SiO2 49.74 49.77 49.26 49.25 48.67 49.34 
Al2O3 33.23 33.20 33.13 33.10 33.80 33.29 
TiO2 0.07 0.01 0.01 0.00 - 0.02 
Cr2O3 0.02 0.04 0.03 0.00 - 0.02 
FeO 3.25 3.33 3.46 3.48 3.71 3.45 
Mno 0.03 0.04 0.00 0.00 - 0.02 
MgO 11.48 11.44 11.38 11.21 11.44 11.39 
BaO - - - - 0.00 0.00 
CaO 0.02 0.01 0.00 0.01 0.00 0.01 
Na2O 0.16 0.15 0.18 0.20 0.14 0.17 
K2O 0.01 0.00 0.00 0.00 0.00 0.00 
  
      Total 98.01 97.99 97.45 97.25 97.76 97.71 
       normalization based on 18 oxygens, all Fe as Fe2+ 
 
       sample QC82-19 QC82-19 QC82-19 QC82-19 QC82-19 QC82-19 
point CORD-5 CORD-6 CORD-13 CORD-15 crd-2009 ave 
apfu  
      Si 5.02 5.02 5.00 5.01 4.94 5.00 
Ti 0.01 0.00 0.00 0.00 0.00 0.00 
Al 3.95 3.95 3.97 3.97 4.04 3.98 
Cr 0.00 0.00 0.00 0.00 - 0.00 
Fe
2+
 0.27 0.28 0.29 0.30 0.31 0.29 
Mn
2+
 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 1.73 1.72 1.72 1.70 1.73 1.72 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0.03 0.03 0.04 0.04 0.03 0.03 






















sample qc82-19 qc82-19 qc82-19 qc82-19 qc82-19 qc82-19 qc82-19 qc82-19
type rim core core rim core
point opx-7 opx-8 opx-12 opx-17 opx-20 opx-21 opx-2009 ave (n=7)
wt %
SiO2 53.24 53.35 52.51 52.79 52.83 53.32 52.50 52.93
Al2O3 2.29 2.58 2.50 2.46 2.86 2.17 2.48 2.48
TiO2 0.17 0.06 0.08 0.05 0.07 0.11 0.06 0.09
Cr2O3 0.00 0.03 0.04 0.03 0.04 0.03 0.01 0.03
FeO 21.38 20.79 21.19 21.15 20.80 20.54 20.78 20.95
Mno 0.08 0.03 0.08 0.02 0.06 0.08 0.09 0.06
MgO 23.86 24.31 24.01 24.08 24.32 24.78 23.74 24.16
BaO - - - - - - 0.03 -
CaO 0.06 0.08 0.07 0.08 0.10 0.10 0.10 0.08
Na2O 0.00 0.00 0.10 0.00 0.00 0.00 0.00 0.01
K2O 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00
Total 101.08 101.23 100.58 100.66 101.09 101.13 99.81 100.80
sample 0.01 qc82-19 qc82-19 qc82-19 qc82-19 qc82-19 qc82-19 qc82-19
point opx-7 opx-8 opx-12 opx-17 opx-20 opx-21 opx-2009 ave
apfu 
Si 1.94 1.94 1.92 1.93 1.92 1.93 1.94 1.93
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.10 0.11 0.11 0.11 0.12 0.09 0.11 0.11
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe
2+
0.64 0.62 0.59 0.62 0.60 0.59 0.62 0.61
Mn
2+
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.30 1.32 1.31 1.31 1.32 1.34 1.31 1.32
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe
3+
0.01 0.01 0.05 0.03 0.03 0.03 0.02 0.03
Fe
3+
/(Fetot) 0.01 0.02 0.08 0.05 0.05 0.05 0.03 0.05
Mg/(Mg+Fetot) 0.67 0.68 0.67 0.67 0.68 0.68 0.67 0.67
Mg/(Mg+Fe
2+
) 0.67 0.68 0.69 0.68 0.69 0.69 0.68 0.68
Wo 0.12 0.16 0.14 0.16 0.20 0.20 0.20 0.18
En 66.73 67.90 68.68 67.97 68.66 69.26 67.49 68.33
Fs 33.14 31.93 31.17 31.86 31.14 30.54 32.31 31.49















sample LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05
type cpx core core core rim rim rim core core core rim rim rim
point core 167 168 169 170 171 172 173 174 175 176 177 178
wt %
SiO2 51.25 51.37 51.28 51.54 51.54 51.61 51.30 51.51 51.51 51.75 51.63 51.50 51.73
Al2O3 1.67 1.70 1.71 1.82 1.72 1.87 1.76 1.66 1.60 1.72 1.79 1.69 1.67
TiO2 0.09 0.13 0.11 0.12 0.11 0.13 0.15 0.12 0.12 0.11 0.13 0.09 0.12
Cr2O3 0.08 0.16 0.10 0.17 0.14 0.15 0.12 0.09 0.05 0.05 0.04 0.08 0.07
FeO 11.83 11.84 11.74 12.04 11.96 12.00 11.62 12.34 12.10 12.21 12.09 12.06 11.92
Mno 0.57 0.57 0.60 0.58 0.60 0.61 0.57 0.57 0.60 0.58 0.59 0.55 0.56
MgO 10.99 11.02 11.05 10.98 10.93 11.05 10.83 10.93 10.83 10.98 10.95 11.05 10.94
BaO 0.04 0.01 0.00 0.00 0.05 0.01 0.00 0.00 0.00 0.00 0.04 0.02 0.00
CaO 22.96 24.55 23.82 24.44 23.77 24.35 23.82 24.18 23.78 24.18 23.47 24.34 23.70
Na2O 0.43 0.44 0.44 0.44 0.52 0.43 0.44 0.52 0.46 0.49 0.41 0.49 0.41
K2O 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.01 0.00
Total 99.92 101.78 100.86 102.13 101.33 102.22 100.62 101.93 101.05 102.08 101.14 101.88 101.13
sample LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05
point core 167 168 169 170 171 172 173 174 175 176 177 178
apfu 
Si 1.94 1.91 1.92 1.91 1.93 1.91 1.93 1.91 1.93 1.92 1.93 1.91 1.94
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.07 0.07 0.08 0.08 0.08 0.08 0.08 0.07 0.07 0.08 0.08 0.07 0.07
Cr 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe
2+
0.31 0.24 0.27 0.26 0.27 0.26 0.28 0.26 0.29 0.27 0.31 0.25 0.30
Mn
2+
0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Mg 0.62 0.61 0.62 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61
Ca 0.93 0.98 0.96 0.97 0.95 0.97 0.96 0.96 0.96 0.96 0.94 0.97 0.95
Na 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.04 0.03 0.03 0.03 0.04 0.03
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe
3+
0.07 0.12 0.10 0.12 0.10 0.11 0.08 0.13 0.09 0.11 0.07 0.13 0.07
Fe
3+
/(Fetot) 0.18 0.34 0.27 0.32 0.27 0.31 0.22 0.33 0.24 0.30 0.19 0.34 0.19
Mg/(Mg+Fetot) 0.62 0.62 0.63 0.62 0.62 0.62 0.62 0.61 0.61 0.62 0.62 0.62 0.62
Mg/(Mg+Fe
2+
) 0.67 0.72 0.70 0.70 0.69 0.70 0.68 0.70 0.68 0.70 0.67 0.71 0.67
Wo 50.06 53.38 51.91 52.95 51.86 52.67 51.85 52.77 51.66 52.39 50.65 53.03 51.06
En 33.34 33.34 33.50 33.10 33.18 33.26 32.80 33.19 32.74 33.10 32.88 33.50 32.79
Fs 16.60 13.28 14.59 13.94 14.96 14.07 15.34 14.04 15.60 14.50 16.47 13.47 16.15
















sample LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04
type cpx core cpx cpx rim cpx cpx cpx cpx rim cpx rim
point 14 21 22 23 24 25 26 27
wt %
SiO2 51.63 51.88 51.46 52.11 51.70 51.92 50.54 52.23
Al2O3 1.36 1.37 1.40 1.35 1.44 1.41 1.48 1.35
TiO2 0.10 0.09 0.10 0.08 0.11 0.09 0.10 0.09
Cr2O3 0.06 0.09 0.11 0.06 0.10 0.00 0.06 0.00
FeO 11.54 11.21 11.31 11.10 11.78 11.46 11.25 11.28
Mno 0.68 0.60 0.64 0.60 0.64 0.63 0.70 0.61
MgO 11.84 11.93 11.64 11.93 11.77 11.88 11.52 11.82
CaO 25.11 24.02 25.06 24.10 24.81 23.91 24.54 23.91
Na2O 0.51 0.45 0.44 0.35 0.40 0.45 0.45 0.42
BaO 0.00 0.07 0.06 0.00 0.02 0.04 0.05 0.07
K2O 0.02 0.01 0.00 0.01 0.00 0.00 0.01 0.00
F 0.00 0.03 0.00 0.00 0.00 0.03 0.00 0.00
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.04
Subtotal 102.84 101.75 102.22 101.67 102.76 101.82 100.71 101.82
normalization based on 6 oxygens
SiO2 52.09 52.35 51.92 52.58 52.17 52.39 50.99 52.70
Al2O3 1.36 1.37 1.40 1.35 1.44 1.41 1.48 1.35
TiO2 0.10 0.09 0.10 0.08 0.11 0.09 0.10 0.09
Cr2O3 0.06 0.09 0.11 0.06 0.10 0.00 0.06 0.00
FeO 10.66 10.36 10.45 10.26 10.89 10.59 10.40 10.42
Mno 0.68 0.60 0.64 0.60 0.64 0.63 0.70 0.61
MgO 11.84 11.93 11.64 11.93 11.77 11.88 11.52 11.82
CaO 24.26 24.02 24.84 24.10 23.97 23.91 23.71 23.91
Na2O 0.51 0.45 0.44 0.35 0.40 0.45 0.45 0.42
BaO 0.00 0.07 0.06 0.00 0.02 0.04 0.05 0.07
K2O 0.02 0.01 0.00 0.01 0.00 0.00 0.01 0.00
F 0.00 0.03 0.00 0.00 0.00 0.03 0.00 0.00
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.04




APPENDIX F: PYROXENE EPMA DATA, CONTINUED 
  
 
sample WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11
type cpx cpx cpx core cpx core cpx core cpx core cpx
point 9 11 15 16 17 18 19
wt %
SiO2 52.18 52.38 52.08 52.03 52.12 52.09 51.75
Al2O3 1.34 1.20 1.47 1.00 0.94 1.00 1.36
TiO2 0.09 0.08 0.12 0.03 0.05 0.07 0.09
Cr2O3 0.09 0.00 0.08 0.08 0.07 0.04 0.06
FeO 9.04 9.39 9.28 9.65 9.52 9.32 8.73
Mno 0.43 0.40 0.44 0.46 0.40 0.49 0.42
MgO 12.74 12.60 12.41 12.62 12.47 12.60 12.70
CaO 23.14 23.23 23.58 23.44 22.89 23.34 23.43
Na2O 0.46 0.43 0.50 0.32 0.39 0.40 0.42
K2O 0.00 0.00 0.02 0.01 0.00 0.00 0.00
Subtotal 99.50 99.72 99.97 99.63 98.83 99.35 98.95
sample WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11
point 9 11 15 16 17 18 19
apfu 
T (iv) site: Si  1.96 1.97 1.95 1.96 1.98 1.96 1.95
Al   0.04 0.03 0.05 0.04 0.02 0.04 0.05
Fe
3+
0.00 0.00 0.00 0.00 0.00 0.00 0.00
T (iv) site total 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Al (total) 0.06 0.05 0.06 0.04 0.04 0.04 0.06
Fe
3+
(total) 0.05 0.04 0.06 0.06 0.03 0.05 0.06
M (vi) site: Al 0.02 0.02 0.01 0.00 0.02 0.01 0.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr
3+
0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe
3+
0.05 0.04 0.06 0.06 0.03 0.05 0.06
Fe
2+
0.24 0.25 0.23 0.24 0.27 0.24 0.22
Mn
2+
0.01 0.01 0.01 0.01 0.01 0.02 0.01
Mg 0.71 0.71 0.69 0.71 0.70 0.71 0.71
Ca 0.93 0.93 0.95 0.95 0.93 0.94 0.95
Na 0.03 0.03 0.04 0.02 0.03 0.03 0.03
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M-site (vi) total 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Fe
3+
/(Fetot) 0.16 0.14 0.22 0.20 0.09 0.18 0.20
Mg/(Mg+Fetot) 0.72 0.71 0.70 0.70 0.70 0.71 0.72
Mg/(Mg+Fe
2+
) 0.75 0.74 0.75 0.74 0.72 0.75 0.76
Wo 48.07 48.16 49.03 48.29 47.78 48.47 48.79
En 38.95 38.16 38.39 38.46 37.63 38.46 39.17
Fs 12.98 13.68 12.58 13.25 14.59 13.07 12.04










sample CL-2 CL-2 CL-2 CL-2
type BY CPX-1 CORE CORE
point CPX-1 CPX-2 CPX-3 CPX-27
wt %
SiO2 52.49 51.99 52.19 52.34
Al2O3 1.12 1.14 1.19 1.19
TiO2 0.10 0.06 0.07 0.05
Cr2O3 0.06 0.04 0.00 0.01
FeO 10.52 10.75 10.87 10.70
Mno 0.40 0.37 0.41 0.35
MgO 11.82 11.71 11.80 11.74
CaO 23.32 23.26 23.30 23.18
Na2O 0.61 0.61 0.69 0.60
K2O 0.03 0.02 0.00 0.01
Total 100.47 99.95 100.52 100.17
sample CL-2 CL-2 CL-2 CL-2
type BY CPX-1 CORE CORE
point CPX-1 CPX-2 CPX-3 CPX-27
apfu 
T (iv) site: Si  1.96 1.96 1.95 1.96
  Al   0.04 0.04 0.05 0.04
  Fe
3+
0.00 0.00 0.00 0.00
T (iv) site total 2.00 2.00 2.00 2.00
Al (total) 0.05 0.05 0.05 0.05
Fe
3+
(total) 0.06 0.08 0.09 0.06
M (vi) site: Al 0.01 0.01 0.00 0.02
   Ti 0.00 0.00 0.00 0.00
   V
3+
0.00 0.00 0.00 0.00
   Cr
3+
0.00 0.00 0.00
   Fe3+ 0.06 0.08 0.09 0.06
  Fe2+ 0.27 0.26 0.25 0.28
   Mn
2+
0.01 0.01 0.01 0.01
   Mg 0.66 0.66 0.66 0.66
   Ni 0.00 0.00 0.00 0.00
   Li 0.00 0.00 0.00 0.00
   Ca 0.93 0.94 0.93 0.93
   Na 0.04 0.04 0.05 0.04
   K 0.00 0.00 0.00 0.00
M-site (vi) total 2.00 2.00 2.00 2.00
Fe
3+
/(Fetot) 0.18 0.23 0.27 0.17
Mg/(Mg+Fetot) 0.67 0.66 0.66 0.66
Mg/(Mg+Fe
2+
) 0.71 0.72 0.73 0.70
Wo (simple ternary) 50.19 50.54 50.72 49.94
En (simple ternary) 35.39 35.41 35.74 35.19
Fs (simple ternary) 14.42 14.05 13.54 14.86








sample LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-06 LCP-11
texture core rim coreim near eprim near am corerim near am core core
point Pl 5.00 6.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 Pl pl
wt %
SiO2 54.94 56.16 56.09 56.20 58.69 55.67 56.06 55.63 55.46 56.10 56.53 51.96
Al2O3 28.87 27.65 27.59 27.66 26.38 27.89 27.71 28.26 28.10 27.67 27.91 29.28
FeO 0.14 0.18 0.16 0.27 0.25 0.08 0.15 0.17 0.08 0.20 0.04 0.04
MgO 0.00 0.01 0.00 0.00 0.02 0.00 0.01 0.01 0.00 0.02 0.01 0.00
CaO 10.17 9.37 9.56 9.65 7.51 9.74 9.51 10.09 9.87 9.65 9.12 11.60
BaO 0.03 0.00 0.00 0.00 0.02 0.00 0.00 0.02 0.00 0.00 0.04 0.03
Na2O 5.78 6.15 5.96 5.91 7.26 5.76 5.77 5.55 5.65 5.79 6.12 5.08
K2O 0.12 0.17 0.11 0.13 0.08 0.15 0.13 0.09 0.13 0.12 0.12 0.11
Total 100.05 99.69 99.46 99.83 100.20 99.29 99.34 99.82 99.29 99.55 99.89 98.08
sample LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-05 LCP-06 LCP-11
point Pl core 5.00 6.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 Pl core pl
apfu 
Si 2.47 2.53 2.53 2.53 2.62 2.52 2.53 2.51 2.51 2.53 2.54 2.40
Al 1.53 1.47 1.47 1.47 1.39 1.49 1.48 1.50 1.50 1.47 1.48 1.59
Fe2+ 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.49 0.45 0.46 0.47 0.36 0.47 0.46 0.49 0.48 0.47 0.44 0.57
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.50 0.54 0.52 0.52 0.63 0.51 0.51 0.48 0.50 0.51 0.53 0.46
K 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Ab 50.33 53.77 52.68 52.18 63.31 51.25 51.92 49.61 50.48 51.69 54.42 43.93
An 48.93 45.27 46.69 47.08 36.19 47.89 47.29 49.84 48.73 47.61 44.81 55.42
Or 0.69 0.97 0.63 0.73 0.48 0.87 0.79 0.52 0.79 0.71 0.70 0.60
Cn 0.05 0.00 0.00 0.00 0.03 0.00 0.00 0.04 0.00 0.00 0.07 0.05
















sample WC-02 WC-02 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11
texture
point Pl1 Pl2 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 ave (n=16)
wt %
SiO2 57.58 57.08 55.80 55.36 56.13 55.58 56.15 56.08 56.69 55.68 56.64 55.80 57.12 56.36 56.16 56.20 56.13 56.76 56.17
Al2O3 27.94 27.55 28.62 28.74 28.16 28.55 28.43 28.24 28.39 28.22 28.24 28.73 27.74 28.10 27.97 27.79 28.38 27.87 28.26
FeO 0.05 0.12 0.10 0.10 0.21 0.11 0.16 0.22 0.17 0.10 0.10 0.13 0.02 0.09 0.12 0.14 0.07 0.09 0.12
MgO 0.00 0.01 0.01 0.02 0.01 0.00 0.05 0.08 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
CaO 9.27 8.72 10.61 10.49 10.32 10.13 10.43 9.74 10.04 9.75 10.15 10.27 9.75 9.54 10.10 9.49 10.24 9.06 10.01
BaO 0.00 0.00 0.02 0.00 0.00 0.04 0.03 0.08 0.02 0.07 0.02 0.06 0.00 0.02 0.00 0.00 0.04 0.02 0.03
Na2O 6.57 6.71 5.59 5.38 5.86 5.60 5.65 5.69 6.02 5.96 5.87 5.52 6.17 6.10 5.66 5.89 5.73 6.04 5.80
K2O 0.13 0.14 0.15 0.14 0.12 0.16 0.15 0.19 0.12 0.15 0.19 0.06 0.19 0.14 0.15 0.24 0.13 0.45 0.17
Total 101.54 100.33 100.90 100.24 100.81 100.17 101.05 100.32 101.48 99.93 101.21 100.56 100.99 100.35 100.16 99.75 100.72 100.29 100.56
sample WC-02 WC-02 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11 WC82-11
point Pl1 Pl2 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 ave (n=16)
apfu 
Si 2.55 2.55 2.49 2.49 2.51 2.50 2.50 2.51 2.51 2.51 2.52 2.50 2.54 2.52 2.52 2.53 2.51 2.54 2.51
Al 1.46 1.45 1.51 1.52 1.48 1.51 1.49 1.49 1.48 1.50 1.48 1.51 1.45 1.48 1.48 1.47 1.49 1.47 1.49
Fe2+ 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.44 0.42 0.51 0.50 0.49 0.49 0.50 0.47 0.48 0.47 0.48 0.49 0.46 0.46 0.49 0.46 0.49 0.43 0.48
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.56 0.58 0.48 0.47 0.51 0.49 0.49 0.49 0.52 0.52 0.51 0.48 0.53 0.53 0.49 0.51 0.50 0.52 0.50
K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.03 0.01
Ab 55.78 57.74 48.38 47.73 50.34 49.50 49.06 50.74 51.66 52.00 50.56 49.10 52.83 53.18 49.91 52.15 49.91 53.22 50.65
An 43.49 41.47 50.75 51.43 48.99 49.48 50.05 47.99 47.61 47.01 48.32 50.48 46.13 45.96 49.21 46.43 49.28 44.12 48.32
Or 0.73 0.79 0.84 0.85 0.67 0.95 0.83 1.12 0.68 0.86 1.08 0.32 1.05 0.82 0.88 1.41 0.74 2.63 0.98
Cn 0.00 0.00 0.03 0.00 0.00 0.07 0.06 0.15 0.04 0.13 0.04 0.10 0.00 0.04 0.00 0.00 0.07 0.03 0.05
















sample LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02
texture pl core core pl core pl near mc pl pl pl pl pl pl
point 45 46 47 48 49 50 51 52 53 54 55 56 28 33 34 35 36 37 38 39
wt %
SiO2 58.57 57.55 58.08 57.86 58.42 57.87 58.25 58.33 58.35 57.97 58.76 58.40 59.93 59.75 59.77 59.91 59.98 59.81 60.21 60.13
Al2O3 26.62 26.12 26.69 26.19 26.68 26.13 26.71 26.18 26.74 26.27 26.67 26.41 26.41 26.43 26.49 26.42 26.47 26.90 26.46 26.75
FeO 0.17 0.10 0.13 0.10 0.12 0.08 0.10 0.22 0.11 0.13 0.09 0.08 0.03 0.02 0.09 0.08 0.25 0.08 0.04 0.05
MgO 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.02 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00
CaO 7.79 7.88 7.92 8.01 7.86 7.84 7.84 8.04 7.89 8.09 7.98 7.89 7.72 7.67 7.60 7.41 7.56 8.00 7.74 7.74
BaO 0.00 0.04 0.08 0.04 0.01 0.03 0.10 0.00 0.05 0.02 0.06 0.12 0.01 0.00 0.00 0.07 0.07 0.05 0.00 0.03
Na2O 6.46 6.64 6.14 6.71 5.94 6.72 6.14 6.71 6.03 6.71 6.56 6.73 6.67 6.19 6.69 6.08 6.70 6.21 6.79 6.28
K2O 0.13 0.21 0.16 0.21 0.15 0.17 0.14 0.21 0.18 0.22 0.11 0.20 0.10 0.18 0.19 0.16 0.14 0.20 0.20 0.15
Total 99.75 98.53 99.20 99.12 99.18 98.84 99.30 99.69 99.36 99.41 100.23 99.86 100.89 100.25 100.84 100.13 101.18 101.25 101.44 101.12
sample LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02
point 45 46 47 48 49 50 51 52 53 54 55 56 28 33 34 35 36 37 38 39
apfu 
T  (iv) site: Si  2.62 2.61 2.61 2.61 2.62 2.62 2.61 2.62 2.61 2.61 2.62 2.61 2.64 2.65 2.64 2.65 2.64 2.63 2.64 2.64
  Al   1.40 1.40 1.41 1.39 1.41 1.39 1.41 1.38 1.41 1.39 1.40 1.39 1.37 1.38 1.38 1.38 1.37 1.39 1.37 1.39
  Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
T site total 4.02 4.01 4.02 4.00 4.03 4.01 4.03 4.00 4.03 4.00 4.01 4.01 4.02 4.03 4.02 4.03 4.01 4.02 4.01 4.03
   Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Fe2+ 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
   Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Ca 0.37 0.38 0.38 0.39 0.38 0.38 0.38 0.39 0.38 0.39 0.38 0.38 0.36 0.36 0.36 0.35 0.36 0.38 0.36 0.36
    Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
    Na 0.56 0.58 0.54 0.59 0.52 0.59 0.53 0.58 0.52 0.58 0.57 0.58 0.57 0.53 0.57 0.52 0.57 0.53 0.58 0.53
    K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
M-site total 0.94 0.98 0.93 0.99 0.90 0.98 0.92 0.98 0.91 0.99 0.95 0.98 0.94 0.91 0.94 0.88 0.94 0.92 0.95 0.91
Ab 59.55 59.60 57.75 59.46 57.22 60.13 58.01 59.42 57.34 59.22 59.35 59.85 60.59 58.68 60.76 59.07 61.00 57.65 60.62 58.89
An 39.68 39.11 41.13 39.24 41.82 38.80 40.90 39.37 41.46 39.48 39.91 38.76 38.76 40.18 38.13 39.80 38.04 41.06 38.18 40.13
Or 0.77 1.21 0.98 1.23 0.95 1.01 0.89 1.21 1.11 1.27 0.63 1.17 0.63 1.15 1.11 1.00 0.84 1.20 1.20 0.92
Cn 0.00 0.08 0.14 0.07 0.01 0.06 0.20 0.00 0.10 0.03 0.11 0.21 0.02 0.00 0.00 0.14 0.12 0.09 0.00 0.06











sample LQC-01 LQC-01 QCP-06 QCP-09 QCP-08 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09
texture rim core core core core core core core
point pl-4 pl-3 pl-1 Pl Pl 17 18 19 ave 20 (rim) 21 (rim) 23 (rim) ave (rim)
wt %
SiO2 58.24 57.85 67.68 56.01 58.65 55.55 53.38 54.73 54.55 55.62 54.26 55.12 55.00
Al2O3 26.98 27.36 20.29 28.53 26.84 27.97 27.74 27.95 27.89 28.89 27.81 28.29 28.33
FeO 0.18 0.09 0.03 0.09 0.11 0.16 0.08 0.17 0.13 0.27 0.27 0.26 0.26
MgO 0.00 0.04 0.00 0.01 0.01 0.12 0.02 0.02 0.05 0.00 0.00 0.09 0.03
CaO 8.12 8.79 0.45 10.48 7.65 9.93 10.73 10.27 10.31 10.52 10.17 10.10 10.26
BaO 0.00 0.03 0.00 0.00 0.05 0.03 0.00 0.00 0.01 0.00 0.03 0.00 0.01
Na2O 6.33 6.02 4.80 5.71 7.14 5.92 5.82 5.73 5.82 5.77 5.91 6.08 5.92
K2O 0.10 0.13 0.04 0.13 0.11 0.12 0.13 0.12 0.12 0.11 0.12 0.11 0.11
Total 99.95 100.31 93.29 100.96 100.56 99.80 97.90 98.98 98.90 101.18 98.57 100.05 99.93
normalization based on 8 oxygens with all Fe as Fe
2+
sample LQC-01 LQC-01 QCP-06 QCP-09 QCP-08 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09
point pl-4 pl-3 pl-1 Pl Pl 17 (core) 18 (core) 19 (core) ave (core) 20 (rim) 21 (rim) 23 (rim) ave (rim)
apfu 
Si 2.60 2.58 3.07 2.50 2.61 2.51 2.47 2.49 2.49 2.48 2.49 2.49 2.48
Al 1.42 1.44 1.08 1.50 1.41 1.49 1.51 1.50 1.50 1.52 1.50 1.50 1.51
Fe2+ 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Ca 0.39 0.42 0.02 0.50 0.36 0.48 0.53 0.50 0.50 0.50 0.50 0.49 0.50
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.55 0.52 0.42 0.49 0.62 0.52 0.52 0.51 0.52 0.50 0.52 0.53 0.52
K 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Ab 58.16 54.86 94.61 49.28 62.36 51.51 49.18 49.90 50.18 49.50 50.89 51.81 50.74
An 41.22 44.28 4.91 49.98 36.92 47.75 50.10 49.42 49.10 49.87 48.40 47.56 48.61
Or 0.62 0.79 0.48 0.74 0.63 0.68 0.72 0.68 0.70 0.62 0.65 0.63 0.64






APPENDIX G: PLAGIOCLASE EPMA DATA, CONTINUED 
  
 
sample HLT-02 HLT-02 HLT-02 HLT-02 HLT-02 HLT-02 HLT-02 HLT-02 HLT-02 HLT-02 HLT-02 HLT-02 HLT-02
texture core rim
point Pl -1 Pl -2 32 33 34 35 36 37 38 39 40 41 ave (n=12)
wt %
SiO2 61.44 60.57 61.30 61.20 61.33 61.72 61.51 61.14 61.54 60.35 60.99 61.12 61.18
Al2O3 25.04 25.35 24.90 24.76 25.21 24.66 24.67 25.00 25.15 24.82 24.25 24.66 24.87
FeO 0.07 0.06 0.13 0.04 0.06 0.06 0.04 0.07 0.03 0.02 0.02 0.10 0.06
MgO 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.00
CaO 6.18 6.18 6.16 5.84 6.38 5.71 6.13 5.91 6.23 5.91 6.12 5.65 6.03
BaO 0.06 0.03 0.04 0.00 0.03 0.08 0.00 0.00 0.01 0.06 0.04 0.05 0.03
Na2O 7.48 6.96 7.80 8.19 7.43 8.05 7.11 8.09 6.68 7.85 7.32 8.08 7.59
K2O 0.13 0.07 0.11 0.00 0.20 0.16 0.12 0.22 0.14 0.04 0.08 0.14 0.12
Total 100.40 99.22 100.44 100.04 100.64 100.44 99.58 100.43 99.79 99.06 98.82 99.81 99.89
normalization based on 8 oxygens with all Fe as Fe
2+
sample HLT-02 HLT-02 HLT-02 HLT-02 HLT-02 HLT-02 HLT-02 HLT-02 HLT-02 HLT-02 HLT-02 HLT-02 HLT-02
point Pl core Pl rim
apfu 
Si 2.71 2.70 2.71 2.71 2.70 2.73 2.73 2.70 2.72 2.70 2.73 2.72 2.71
Al 1.30 1.33 1.30 1.29 1.31 1.28 1.29 1.30 1.31 1.31 1.28 1.29 1.30
Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.29 0.30 0.29 0.28 0.30 0.27 0.29 0.28 0.30 0.28 0.29 0.27 0.29
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.64 0.60 0.67 0.70 0.64 0.69 0.61 0.69 0.57 0.68 0.64 0.70 0.65
K 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01
Ab 68.04 66.75 69.11 71.73 66.99 71.08 67.23 70.36 65.39 70.37 68.03 71.48 68.88
An 31.07 32.75 30.16 28.27 31.79 27.86 32.03 28.40 33.70 29.28 31.43 27.62 30.36
Or 0.78 0.44 0.67 0.00 1.17 0.92 0.74 1.24 0.89 0.23 0.47 0.81 0.70

















sample QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09
type
point 118 119 120 121 122 123 124 125 126
wt %
SiO2 42.74 42.93 42.61 42.39 42.37 42.88 43.14 42.73 41.99
Al2O3 12.73 12.72 12.76 12.78 12.61 12.92 12.94 12.87 12.67
TiO2 1.04 1.05 1.06 1.09 1.10 1.06 1.06 0.96 1.06
Cr2O3 0.00 0.03 0.01 0.01 0.00 0.00 0.00 0.01 0.03
FeO 19.25 19.28 19.17 19.43 19.18 19.39 19.26 19.14 19.62
Mno 0.15 0.23 0.17 0.17 0.10 0.17 0.03 0.11 0.01
MgO 9.45 9.55 9.40 9.48 9.58 9.53 9.54 9.55 9.35
CaO 11.59 11.45 11.51 11.14 11.39 11.70 11.70 11.36 11.46
Na2O 1.28 1.29 1.40 1.29 1.34 1.32 1.32 1.19 1.27
BaO 0.05 0.00 0.00 0.00 0.00 0.04 0.06 0.07 0.00
K2O 0.78 0.88 0.77 0.86 0.81 0.85 0.81 0.76 0.87
Cl 0.09 0.10 0.10 0.12 0.06 0.12 0.09 0.07 0.11
Subtotal 99.16 99.50 98.96 98.76 98.55 99.98 99.95 98.82 98.44
sample QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09 QCP-09
type
point 118 119 120 121 122 123 124 125 126
T-sites
Si 6.27 6.27 6.27 6.24 6.25 6.24 6.28 6.27 6.21
Aliv 1.73 1.73 1.73 1.76 1.75 1.76 1.72 1.73 1.79
Al(total) 2.20 2.19 2.21 2.22 2.19 2.22 2.22 2.23 2.21
Alvi 0.47 0.46 0.48 0.45 0.44 0.46 0.50 0.49 0.42
Ti 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.11 0.12
Fe3+ 0.82 0.83 0.78 0.90 0.86 0.82 0.76 0.88 0.90
Cr3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 2.07 2.08 2.06 2.08 2.10 2.07 2.07 2.09 2.06
Mn 0.02 0.03 0.02 0.02 0.01 0.02 0.00 0.01 0.00
Fe2+ 1.51 1.49 1.54 1.42 1.47 1.51 1.55 1.42 1.50
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
M4 site
Fe 0.03 0.04 0.03 0.06 0.04 0.03 0.03 0.05 0.03
Ca 1.82 1.79 1.81 1.76 1.80 1.83 1.82 1.78 1.82
Na 0.15 0.16 0.15 0.18 0.16 0.15 0.15 0.17 0.15
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
A site
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.22 0.20 0.25 0.19 0.22 0.23 0.23 0.17 0.22
K 0.15 0.16 0.14 0.16 0.15 0.16 0.15 0.14 0.16
Sum A 0.36 0.37 0.39 0.35 0.38 0.39 0.38 0.31 0.38
OH site
O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OH 1.98 1.98 1.97 1.97 1.98 1.97 1.98 1.98 1.97
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.02 0.02 0.03 0.03 0.02 0.03 0.02 0.02 0.03
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Sum cations 15.36 15.37 15.39 15.35 15.38 15.39 15.38 15.31 15.38
Cation CHG 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00
Fe# 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.54
Mg/Fe2+ 1.34 1.36 1.31 1.40 1.40 1.34 1.31 1.42 1.35
Mg/Fe 0.87 0.88 0.87 0.87 0.89 0.88 0.88 0.89 0.85
XMg 0.47 0.47 0.47 0.47 0.48 0.47 0.47 0.48 0.46
XOH 0.99 0.99 0.99 0.98 0.99 0.99 0.99 0.99 0.99
M1,2,3 sites



















sample CL-02 CL-02 CL-02 CL-02 CL-02 CL-02 CL-02 CL-02 CL-02 CL-02 CL-02 CL-02 CL-02 CL-02 CL-02 CL-02 CL-02 CL-02 ave
type core core core core core core rim ftsch
point 194 195 196 197 198 199 200 201 202 203 204 205 206 207 208 209 210 rim n=18
wt %
SiO2 42.12 42.14 42.16 42.05 41.86 42.44 42.55 42.78 42.21 42.41 42.07 42.57 42.48 42.29 42.47 42.77 42.43 42.61 42.36
Al2O3 11.33 11.03 11.46 11.17 11.32 11.30 11.37 11.39 11.17 11.39 11.26 11.21 10.93 11.27 11.17 11.38 11.38 11.51 11.28
TiO2 0.97 1.01 1.02 0.99 1.00 1.02 1.03 1.04 1.04 0.98 1.01 0.92 0.91 0.90 0.97 0.87 0.86 1.17 0.98
Cr2O3 0.01 0.01 0.02 0.00 0.00 0.02 0.02 0.01 0.01 0.00 0.05 0.00 0.05 0.00 0.00 0.02 0.06 0.00 0.02
FeO 19.59 19.91 19.60 19.94 19.82 19.36 19.82 20.05 19.74 19.94 19.69 19.68 19.56 19.52 19.52 19.88 19.78 19.75 19.73
Mno 0.37 0.32 0.33 0.43 0.41 0.38 0.34 0.36 0.34 0.37 0.34 0.40 0.32 0.34 0.33 0.36 0.37 0.31 0.36
MgO 9.33 9.13 9.35 9.25 9.36 9.56 9.30 9.36 9.25 9.49 9.12 9.44 9.32 9.54 9.38 9.22 9.25 9.35 9.33
CaO 12.07 12.29 12.18 12.39 12.14 12.41 11.99 12.51 12.40 12.51 11.90 11.99 12.01 12.35 12.12 12.25 12.27 11.69 12.19
Na2O 1.15 1.17 1.17 1.20 1.17 1.22 1.20 1.09 1.09 1.13 1.19 1.09 1.17 1.19 1.10 1.11 1.18 1.15 1.15
BaO 0.02 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.01 0.03 0.02 0.04 0.00 0.00 0.00 0.03 0.03 0.02 0.01
K2O 1.15 1.27 1.15 1.23 1.16 1.29 1.13 1.09 1.15 1.23 1.17 1.20 1.18 1.27 1.14 1.22 1.13 1.24 1.19
Cl 0.07 0.03 0.03 0.04 0.04 0.03 0.01 0.04 0.03 0.03 0.05 0.05 0.03 0.02 0.03 0.06 0.04 - 0.04
Subtotal 98.20 98.31 98.48 98.68 98.28 99.06 98.75 99.72 98.44 99.50 97.88 98.59 97.97 98.69 98.23 99.18 98.77 98.80 98.64
normalization by Anderson excel program, per Holland & Blundy (1994), Cr & Ba not considered in calculation
T-sites
Si 6.30 6.32 6.28 6.28 6.25 6.30 6.32 6.30 6.30 6.26 6.32 6.33 6.37 6.29 6.34 6.34 6.31 6.32 6.31
Aliv 1.70 1.68 1.72 1.72 1.75 1.70 1.68 1.70 1.70 1.74 1.68 1.67 1.63 1.71 1.66 1.66 1.69 1.68 1.69
Al(total) 2.00 1.95 2.01 1.97 1.99 1.98 1.99 1.98 1.97 1.98 1.99 1.97 1.93 1.98 1.97 1.99 2.00 2.01 1.98
M1,2,3 sites
Alvi 0.29 0.27 0.30 0.24 0.25 0.28 0.31 0.28 0.27 0.25 0.31 0.30 0.30 0.27 0.30 0.33 0.31 0.33 0.29
Ti 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.12 0.12 0.11 0.11 0.10 0.10 0.10 0.11 0.10 0.10 0.13 0.11
Fe3+ 0.82 0.74 0.80 0.80 0.88 0.73 0.79 0.82 0.78 0.84 0.77 0.83 0.74 0.79 0.78 0.75 0.78 0.79 0.79
Cr3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00
Mg 2.08 2.04 2.08 2.06 2.08 2.12 2.06 2.05 2.06 2.09 2.04 2.09 2.08 2.12 2.09 2.04 2.05 2.07 2.07
Mn 0.05 0.04 0.04 0.05 0.05 0.05 0.04 0.04 0.04 0.05 0.04 0.05 0.04 0.04 0.04 0.05 0.05 0.04 0.05
Fe2+ 1.63 1.76 1.64 1.69 1.60 1.67 1.68 1.65 1.68 1.62 1.71 1.62 1.71 1.64 1.66 1.71 1.68 1.65 1.67
Ca 0.02 0.04 0.03 0.05 0.03 0.04 0.01 0.04 0.05 0.04 0.01 0.01 0.02 0.04 0.02 0.03 0.03 0.00 0.03
5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
M4 site
Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Ca 1.91 1.93 1.92 1.94 1.92 1.93 1.90 1.93 1.94 1.94 1.90 1.90 1.91 1.93 1.91 1.92 1.92 1.86 1.92
Na 0.09 0.07 0.08 0.06 0.08 0.07 0.10 0.07 0.06 0.06 0.10 0.10 0.09 0.07 0.09 0.08 0.08 0.13 0.08
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
A site
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.24 0.27 0.26 0.28 0.26 0.28 0.24 0.24 0.25 0.26 0.25 0.21 0.25 0.27 0.23 0.24 0.26 0.20 0.25
K 0.22 0.24 0.22 0.23 0.22 0.24 0.21 0.20 0.22 0.23 0.22 0.23 0.23 0.24 0.22 0.23 0.22 0.23 0.23
Sum A 0.46 0.52 0.48 0.52 0.48 0.53 0.46 0.45 0.47 0.49 0.47 0.44 0.47 0.52 0.45 0.47 0.48 0.44 0.48
OH site
O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OH 1.98 1.99 1.99 1.99 1.99 1.99 2.00 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.98 1.99 2.00 1.99
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.02 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.00 0.01
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Sum cations 15.46 15.52 15.48 15.52 15.48 15.53 15.46 15.45 15.47 15.49 15.47 15.44 15.47 15.52 15.45 15.47 15.48 15.44 15.48
Cation CHG 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00
Fe# 0.54 0.55 0.54 0.55 0.54 0.53 0.54 0.55 0.54 0.54 0.55 0.54 0.54 0.53 0.54 0.55 0.55 0.54 0.54
Mg/Fe2+ 0.56 0.54 0.56 0.55 0.57 0.56 0.55 0.55 0.55 0.56 0.54 0.56 0.55 0.56 0.56 0.54 0.55 0.56 0.55
Mg/Fe 0.46 0.45 0.46 0.45 0.46 0.47 0.46 0.45 0.46 0.46 0.45 0.46 0.46 0.47 0.46 0.45 0.45 0.46 0.46
XMg 0.46 0.45 0.46 0.45 0.46 0.47 0.46 0.45 0.46 0.46 0.45 0.46 0.46 0.47 0.46 0.45 0.45 0.46 0.46





APPENDIX H: AMPHIBOLE EPMA DATA, CONTINUED 
 
 
sample CL-2 CL-2 CL-2 CL-2 CL-2 CL-2 CL-2 CL-2 CL-2 CL-2 CL-2 CL-2
type near cpx lt green lt green rim dk green dk green dk green green dk green HB-26
point AMPH-5 AMPH-6 amph-9 amph-3 amph-9 amph-10 amph-11 amph-12 amph-16 amph-20 HB-25CORE OF GRE
wt %
SiO2 52.69 54.63 53.29 52.58 51.82 43.53 43.28 43.45 43.57 43.56 43.60 43.46
Al2O3 3.00 1.53 2.18 3.28 3.73 10.31 10.43 10.54 10.20 10.29 10.53 10.45
TiO2 0.08 0.04 0.02 0.04 0.05 0.70 0.82 0.69 1.13 1.11 1.02 0.91
Cr2O3 0.05 0.02 0.03 0.02 0.04 0.01 0.06 0.04 0.01 0.01 0.05 0.05
FeO 12.56 12.03 12.16 12.79 13.26 18.45 18.88 18.76 18.61 18.67 18.62 18.58
Mno 0.29 0.29 0.26 0.28 0.29 0.27 0.33 0.30 0.29 0.28 0.25 0.27
MgO 15.49 16.21 15.97 15.32 14.96 9.84 9.60 9.66 9.76 9.72 9.66 9.63
CaO 12.62 12.78 12.75 12.73 12.52 11.96 11.85 11.86 11.77 11.80 11.81 11.87
Na2O 0.40 0.18 0.28 0.38 0.51 1.28 1.43 1.30 1.42 1.33 1.46 1.37
K2O 0.18 0.05 0.11 0.15 0.22 1.15 1.23 1.20 1.12 1.17 1.24 1.22
Subtotal 97.36 97.76 97.05 97.57 97.40 97.50 97.91 97.80 97.88 97.94 98.24 97.81
normalization by Anderson excel program, per Holland & Blundy (1994), Fe by charge balance
T-sites
Si 7.59 7.82 7.68 7.56 7.49 6.53 6.49 6.51 6.52 6.52 6.51 6.52
Aliv 0.41 0.18 0.32 0.44 0.51 1.47 1.51 1.49 1.48 1.48 1.49 1.48
Al(total) 0.51 0.26 0.37 0.56 0.64 1.82 1.84 1.86 1.80 1.81 1.85 1.85
M1,2,3 sites
Alvi 0.10 0.08 0.06 0.12 0.12 0.35 0.34 0.37 0.32 0.33 0.37 0.36
Ti 0.01 0.00 0.00 0.00 0.01 0.08 0.09 0.08 0.13 0.12 0.11 0.10
Fe3+ 0.24 0.09 0.23 0.28 0.33 0.55 0.54 0.57 0.49 0.51 0.45 0.48
Cr3+ 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01
Mg 3.33 3.46 3.43 3.28 3.22 2.20 2.15 2.16 2.18 2.17 2.15 2.15
Mn 0.04 0.04 0.03 0.03 0.04 0.03 0.04 0.04 0.04 0.04 0.03 0.03
Fe2+ 1.27 1.34 1.23 1.26 1.27 1.76 1.83 1.78 1.84 1.82 1.88 1.85
Ca 0.00 0.00 0.01 0.02 0.01 0.02 0.01 0.01 0.00 0.00 0.00 0.01
5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
M4 site
Fe 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 1.94 1.96 1.96 1.95 1.93 1.91 1.90 1.89 1.89 1.89 1.89 1.90
Na 0.06 0.02 0.04 0.05 0.07 0.09 0.10 0.11 0.11 0.11 0.11 0.10
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
A site
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.06 0.03 0.04 0.05 0.07 0.28 0.31 0.27 0.30 0.27 0.31 0.30
K 0.03 0.01 0.02 0.03 0.04 0.22 0.24 0.23 0.21 0.22 0.24 0.23
Sum A 0.09 0.03 0.06 0.08 0.11 0.50 0.55 0.50 0.51 0.50 0.55 0.53
OH site
O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OH 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Sum cations 15.09 15.03 15.06 15.08 15.11 15.50 15.55 15.50 15.51 15.50 15.55 15.53
Cation CHG 45.98 45.99 45.99 45.99 45.99 46.00 45.98 45.99 46.00 46.00 45.98 45.98
Fe# 0.31 0.29 0.30 0.32 0.33 0.51 0.52 0.52 0.52 0.52 0.52 0.52
Mg/Fe2+ 2.62 2.55 2.78 2.60 2.54 1.25 1.17 1.21 1.19 1.19 1.14 1.16
Mg/Fe 2.20 2.40 2.34 2.13 2.01 0.95 0.91 0.92 0.93 0.93 0.92 0.92
XMg 0.69 0.71 0.70 0.68 0.67 0.49 0.48 0.48 0.48 0.48 0.48 0.48




APPENDIX H: AMPHIBOLE EPMA DATA, CONTINUED 
 
 
sample LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02 LCP-02
type core core core rim rim rim rim rim core core core core am am am am am am am am am am am am am am
point 218 219 220 221 222 223 224 225 226 227 228 229 53 54 55 56 57 58 59 60 61 62 63 64 65 66
wt %
SiO2 44.23 44.23 44.53 44.59 44.65 44.34 44.53 44.43 44.43 44.57 44.32 44.61 43.92 44.35 43.87 44.27 44.27 44.37 44.69 44.20 44.03 44.39 44.01 44.65 44.22 43.97 44.33
Al2O3 10.47 10.48 10.49 10.67 10.66 10.71 10.40 10.43 10.04 10.24 10.11 10.44 10.34 10.52 10.65 10.77 10.54 10.80 10.40 10.71 10.20 10.61 10.36 10.15 10.20 10.50 10.46
TiO2 1.09 1.05 1.09 0.88 0.99 0.96 1.01 1.05 0.99 1.03 1.02 1.03 1.00 1.06 1.05 1.06 1.09 0.99 0.97 1.09 0.97 1.04 1.08 1.08 1.03 0.96 1.03
Cr2O3 0.09 0.09 0.08 0.17 0.08 0.05 0.06 0.08 0.05 0.04 0.05 0.06 0.06 0.11 0.07 0.07 0.02 0.07 0.00 0.09 0.07 0.12 0.04 0.09 0.07 0.10 0.07
FeO 17.11 17.34 17.38 16.96 17.21 17.26 17.36 17.26 17.15 17.32 17.27 17.56 16.73 16.61 16.56 16.23 16.89 16.33 16.39 16.54 16.62 16.67 16.66 16.52 16.22 16.84 16.88
Mno 0.32 0.27 0.32 0.27 0.25 0.30 0.31 0.28 0.29 0.30 0.29 0.31 0.25 0.28 0.27 0.31 0.23 0.30 0.32 0.30 0.25 0.31 0.24 0.32 0.28 0.31 0.29
MgO 11.02 11.14 11.00 11.21 11.15 11.39 11.05 11.03 11.00 11.27 11.13 11.27 11.31 11.39 11.45 11.40 11.37 11.54 11.47 11.41 11.54 11.43 11.35 11.61 11.44 11.30 11.30
CaO 12.49 12.58 12.56 12.61 12.69 12.66 12.58 12.64 12.46 12.54 12.66 12.65 12.22 12.24 12.17 12.21 12.19 12.31 12.07 12.21 12.22 12.07 12.29 12.37 12.25 11.95 12.38
Na2O 1.14 1.15 1.12 1.11 1.11 1.11 1.21 1.15 1.14 1.23 1.17 1.14 1.15 1.16 1.19 1.16 1.19 1.06 1.17 1.18 1.22 1.18 1.28 1.13 1.19 1.24 1.17
BaO 0.00 0.04 0.00 0.00 0.03 0.02 0.04 0.00 0.00 0.00 0.03 0.00 0.00 0.02 0.00 0.05 0.00 0.04 0.05 0.00 0.06 0.03 0.00 0.00 0.00 0.07 0.02
K2O 1.09 1.12 1.08 1.05 1.06 1.12 1.01 1.09 0.99 1.10 1.08 1.07 1.05 1.05 1.01 1.08 0.99 1.09 0.98 1.05 0.92 1.07 0.94 1.00 0.94 1.10 1.04
Cl 0.06 0.02 0.05 0.03 0.03 0.04 0.03 0.02 0.04 0.05 0.03 0.06 0.05 0.04 0.04 0.03 0.05 0.03 0.02 0.04 0.01 0.05 0.04 0.06 0.03 0.04 0.04
Subtotal 99.11 99.51 99.69 99.54 99.92 99.97 99.58 99.46 98.60 99.70 99.18 100.21 98.09 98.83 98.34 98.65 98.83 98.93 98.53 98.81 98.11 98.97 98.29 98.97 97.88 98.38 99.00
normalization by Anderson excel program, per Holland & Blundy (1994), Ba not considered in calculation
T-sites
Si 6.48 6.46 6.49 6.49 6.48 6.43 6.50 6.49 6.54 6.49 6.50 6.46 6.48 6.49 6.44 6.48 6.48 6.47 6.54 6.46 6.48 6.48 6.48 6.52 6.53 6.47 6.49
Aliv 1.52 1.54 1.51 1.51 1.52 1.57 1.50 1.51 1.46 1.51 1.50 1.54 1.52 1.51 1.56 1.52 1.52 1.53 1.46 1.54 1.52 1.52 1.52 1.48 1.47 1.53 1.51
Al(total) 1.81 1.80 1.80 1.83 1.82 1.83 1.79 1.80 1.74 1.76 1.75 1.78 1.80 1.81 1.84 1.86 1.82 1.86 1.80 1.85 1.77 1.83 1.80 1.75 1.77 1.82 1.80
M1,2,3 sites
Alvi 0.29 0.26 0.29 0.32 0.31 0.26 0.29 0.29 0.28 0.25 0.25 0.25 0.28 0.30 0.29 0.34 0.29 0.33 0.34 0.31 0.25 0.31 0.28 0.27 0.30 0.29 0.29
Ti 0.12 0.12 0.12 0.10 0.11 0.10 0.11 0.12 0.11 0.11 0.11 0.11 0.11 0.12 0.12 0.12 0.12 0.11 0.11 0.12 0.11 0.11 0.12 0.12 0.11 0.11 0.11
Fe3+ 0.60 0.65 0.60 0.62 0.61 0.72 0.60 0.58 0.58 0.62 0.61 0.69 0.67 0.63 0.70 0.59 0.67 0.66 0.61 0.65 0.70 0.66 0.63 0.64 0.59 0.68 0.64
Cr3+ 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01
Mg 2.41 2.42 2.39 2.43 2.41 2.46 2.40 2.40 2.41 2.45 2.43 2.43 2.49 2.48 2.51 2.49 2.48 2.51 2.50 2.49 2.53 2.49 2.49 2.53 2.52 2.48 2.46
Mn 0.04 0.03 0.04 0.03 0.03 0.04 0.04 0.03 0.04 0.04 0.04 0.04 0.03 0.04 0.03 0.04 0.03 0.04 0.04 0.04 0.03 0.04 0.03 0.04 0.03 0.04 0.04
Fe2+ 1.50 1.47 1.51 1.45 1.48 1.38 1.52 1.53 1.53 1.49 1.51 1.44 1.40 1.40 1.34 1.39 1.40 1.33 1.40 1.38 1.35 1.38 1.42 1.38 1.41 1.39 1.43
Ca 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.03 0.05 0.04 0.02 0.02 0.01 0.01 0.01 0.02 0.00 0.01 0.02 0.00 0.03 0.02 0.02 0.00 0.03
5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
M4 site
Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 1.93 1.93 1.93 1.93 1.93 1.93 1.93 1.94 1.93 1.92 1.94 1.93 1.91 1.90 1.90 1.90 1.90 1.91 1.89 1.90 1.91 1.89 1.91 1.91 1.91 1.88 1.91
Na 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.06 0.07 0.08 0.06 0.07 0.09 0.10 0.10 0.10 0.10 0.09 0.11 0.10 0.09 0.11 0.09 0.09 0.09 0.12 0.09
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
A site
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.25 0.26 0.24 0.24 0.25 0.24 0.27 0.26 0.25 0.27 0.27 0.25 0.24 0.23 0.24 0.23 0.24 0.20 0.22 0.23 0.26 0.22 0.28 0.23 0.25 0.24 0.25
K 0.20 0.21 0.20 0.19 0.20 0.21 0.19 0.20 0.19 0.21 0.20 0.20 0.20 0.20 0.19 0.20 0.19 0.20 0.18 0.20 0.17 0.20 0.18 0.19 0.18 0.21 0.19
Sum A 0.45 0.46 0.44 0.43 0.44 0.45 0.46 0.46 0.44 0.48 0.48 0.45 0.44 0.43 0.43 0.43 0.42 0.41 0.40 0.43 0.43 0.42 0.46 0.42 0.43 0.45 0.44
OH site
O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OH 1.98 2.00 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.99 2.00 1.99 2.00 1.99 1.99 1.99 1.99 1.99 1.99
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.02 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Sum cations 15.45 15.46 15.44 15.43 15.44 15.45 15.46 15.46 15.44 15.48 15.48 15.45 15.44 15.43 15.43 15.43 15.42 15.41 15.40 15.43 15.43 15.42 15.46 15.42 15.43 15.45 15.44
Cation CHG 45.97 45.97 45.97 45.94 45.97 45.98 45.98 45.97 45.98 45.98 45.98 45.98 45.98 45.96 45.97 45.98 45.99 45.97 46.00 45.97 45.98 45.96 45.99 45.97 45.97 45.96 45.97
Fe# 0.47 0.47 0.47 0.46 0.46 0.46 0.47 0.47 0.47 0.46 0.47 0.47 0.45 0.45 0.45 0.44 0.45 0.44 0.44 0.45 0.45 0.45 0.45 0.44 0.44 0.46 0.46
Mg/Fe2+ 1.61 1.65 1.58 1.68 1.63 1.79 1.59 1.57 1.57 1.64 1.61 1.69 1.78 1.77 1.88 1.78 1.78 1.89 1.79 1.81 1.88 1.80 1.75 1.84 1.79 1.78 1.73
Mg/Fe 1.09 1.15 1.13 1.18 1.15 1.18 1.13 1.14 1.14 1.16 1.15 1.14 1.20 1.22 1.23 1.25 1.20 1.26 1.25 1.23 1.24 1.22 1.21 1.25 1.26 1.20 1.19
XMg 0.53 0.53 0.53 0.54 0.54 0.54 0.53 0.53 0.53 0.54 0.53 0.53 0.55 0.55 0.55 0.56 0.55 0.56 0.56 0.55 0.55 0.55 0.55 0.56 0.56 0.54 0.54




APPENDIX H: AMPHIBOLE EPMA DATA, CONTINUED 
 
 
sample LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04
type core core core am am am am am am am am am am am core am am core am core am core am am
point 7 8 9 12 13 15 17 19 20 28 32 33 34 38 39 43 45 46 48 49
wt %
SiO2 43.44 43.00 43.12 43.88 43.73 43.38 42.79 42.92 42.06 42.86 42.49 42.41 42.42 42.50 42.64 42.91 43.00 42.60 42.64 42.57
Al2O3 11.51 11.48 11.54 11.53 11.59 11.14 11.27 11.72 11.08 11.41 11.23 11.46 11.43 11.44 11.27 11.59 11.53 11.29 11.28 11.61
TiO2 0.81 0.88 0.84 0.78 0.88 1.00 1.06 0.95 0.91 0.88 0.76 0.92 0.81 0.54 0.94 0.94 0.99 0.74 0.83 0.92
Cr2O3 0.00 0.05 0.00 0.00 0.00 0.15 0.14 0.12 0.13 0.16 0.15 0.23 0.21 0.23 0.20 0.16 0.22 0.26 0.21 0.19
FeO 18.40 18.26 18.36 18.16 18.10 19.29 19.07 18.51 19.41 18.57 18.63 19.18 19.37 18.22 19.38 18.89 19.01 18.88 18.82 19.13
Mno 0.47 0.53 0.55 0.54 0.50 0.56 0.52 0.49 0.47 0.50 0.55 0.53 0.51 0.56 0.57 0.55 0.49 0.56 0.56 0.46
MgO 10.32 10.23 10.22 10.28 10.36 9.72 9.69 9.84 9.65 9.84 9.84 9.69 9.59 10.07 9.50 9.59 9.64 9.62 9.72 9.80
CaO 12.54 12.95 12.51 12.38 12.31 12.40 12.41 12.36 12.39 12.34 12.30 12.04 12.34 12.36 12.11 12.33 12.29 12.34 12.41 12.39
Na2O 1.11 1.06 1.16 1.11 1.12 1.10 1.14 1.15 1.15 1.18 1.09 1.09 1.08 1.07 1.18 1.13 1.18 1.07 1.12 1.16
BaO 0.03 0.05 0.04 0.00 0.02 0.00 0.02 0.07 0.00 0.02 0.00 0.03 0.01 0.03 0.00 0.00 0.02 0.03 0.00 0.00
K2O 1.06 1.17 1.11 1.17 1.07 1.14 1.09 1.15 1.26 1.18 1.10 1.14 1.21 1.11 1.13 1.17 1.17 1.07 1.17 1.12
Cl 0.05 0.07 0.04 0.07 0.08 0.03 0.07 0.04 0.05 0.06 0.07 0.06 0.04 0.08 0.08 0.08 0.04 0.04 0.06 0.05
Subtotal 99.79 99.78 99.51 99.93 99.80 99.94 99.28 99.37 98.56 99.01 98.21 98.78 99.02 98.22 99.01 99.34 99.57 98.50 98.81 99.40
normalization by Anderson excel program, per Holland & Blundy (1994), Cr & Ba not considered in calculation
T-sites
Si 6.34 6.24 6.32 6.40 6.37 6.36 6.32 6.32 6.27 6.34 6.32 6.28 6.28 6.31 6.32 6.33 6.33 6.33 6.32 6.27
Aliv 1.66 1.76 1.68 1.60 1.63 1.64 1.68 1.68 1.73 1.66 1.68 1.72 1.72 1.69 1.68 1.67 1.67 1.67 1.68 1.73
Al(total) 1.98 1.97 1.99 1.98 1.99 1.93 1.96 2.03 1.95 1.99 1.97 2.00 1.99 2.00 1.97 2.01 2.00 1.98 1.97 2.01
M1,2,3 sites
Alvi 0.32 0.21 0.32 0.38 0.37 0.28 0.28 0.35 0.22 0.32 0.29 0.28 0.27 0.31 0.28 0.34 0.33 0.30 0.29 0.28
Ti 0.09 0.10 0.09 0.09 0.10 0.11 0.12 0.11 0.10 0.10 0.08 0.10 0.09 0.06 0.11 0.10 0.11 0.08 0.09 0.10
Fe3+ 0.79 1.19 0.78 0.70 0.74 0.75 0.77 0.72 0.85 0.72 0.82 0.88 0.86 0.85 0.80 0.72 0.72 0.81 0.77 0.84
Cr3+ 0.00 0.01 0.00 0.00 0.00 0.02 0.02 0.01 0.02 0.02 0.02 0.03 0.02 0.03 0.02 0.02 0.03 0.03 0.02 0.02
Mg 2.25 2.21 2.23 2.23 2.25 2.12 2.13 2.16 2.14 2.17 2.18 2.14 2.12 2.23 2.10 2.11 2.11 2.13 2.15 2.15
Mn 0.06 0.07 0.07 0.07 0.06 0.07 0.06 0.06 0.06 0.06 0.07 0.07 0.06 0.07 0.07 0.07 0.06 0.07 0.07 0.06
Fe2+ 1.46 1.03 1.47 1.51 1.47 1.61 1.58 1.56 1.57 1.58 1.50 1.49 1.54 1.41 1.60 1.61 1.62 1.54 1.56 1.51
Ca 0.04 0.19 0.04 0.02 0.02 0.03 0.04 0.03 0.04 0.03 0.04 0.01 0.03 0.04 0.02 0.03 0.02 0.04 0.04 0.03
5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
M4 site
Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 1.93 1.82 1.93 1.91 1.91 1.92 1.93 1.92 1.93 1.92 1.93 1.90 1.92 1.93 1.90 1.92 1.91 1.93 1.93 1.92
Na 0.07 0.18 0.07 0.09 0.09 0.08 0.07 0.08 0.07 0.08 0.07 0.10 0.08 0.07 0.10 0.08 0.09 0.07 0.07 0.08
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
A site
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.24 0.12 0.26 0.23 0.22 0.23 0.25 0.25 0.27 0.26 0.24 0.21 0.23 0.24 0.24 0.24 0.25 0.24 0.25 0.25
K 0.20 0.22 0.21 0.22 0.20 0.21 0.20 0.22 0.24 0.22 0.21 0.22 0.23 0.21 0.21 0.22 0.22 0.20 0.22 0.21
Sum A 0.44 0.34 0.47 0.44 0.42 0.44 0.46 0.46 0.51 0.48 0.45 0.43 0.46 0.45 0.46 0.46 0.47 0.44 0.47 0.46
OH site
O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OH 1.99 1.98 1.99 1.98 1.98 1.99 1.98 1.99 1.99 1.98 1.98 1.98 1.99 1.98 1.98 1.98 1.99 1.99 1.98 1.99
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.01 0.02 0.01 0.02 0.02 0.01 0.02 0.01 0.01 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.01 0.01 0.02 0.01
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Sum cations 15.44 15.34 15.47 15.44 15.42 15.44 15.46 15.46 15.51 15.48 15.45 15.43 15.46 15.45 15.46 15.46 15.47 15.44 15.47 15.46
Cation CHG 46.00 45.98 46.00 46.00 46.00 45.95 45.95 45.96 45.95 45.94 45.95 45.92 45.93 45.92 45.93 45.94 45.92 45.91 45.93 45.93
Fe# 0.50 0.50 0.50 0.50 0.50 0.53 0.52 0.51 0.53 0.51 0.52 0.53 0.53 0.50 0.53 0.53 0.53 0.52 0.52 0.52
Mg/Fe2+ 1.54 2.16 1.52 1.48 1.53 1.32 1.35 1.39 1.37 1.37 1.46 1.44 1.37 1.58 1.31 1.31 1.30 1.38 1.38 1.42
Mg/Fe 1.00 1.00 0.99 1.01 1.02 0.90 0.91 0.95 0.89 0.94 0.94 0.90 0.88 0.98 0.87 0.90 0.90 0.91 0.92 0.91
XMg (Mg/(Mg+Fetot)0.50 0.50 0.50 0.50 0.50 0.47 0.48 0.49 0.47 0.49 0.48 0.47 0.47 0.50 0.47 0.47 0.47 0.48 0.48 0.48








sample LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04 LCP-04
type adj Ttn/"rxn"rxn rxn rxn rxn rxn rxn
point 10 16 18 35 42 47 50
wt %
SiO2 52.81 53.92 51.56 53.22 53.65 53.69 55.22
Al2O3 2.96 1.28 3.43 2.80 2.16 2.26 1.56
TiO2 0.29 0.03 0.08 0.09 0.10 0.11 0.08
Cr2O3 0.00 0.09 0.04 0.06 0.08 0.12 0.04
FeO 12.07 15.63 13.63 13.29 12.04 11.18 10.57
Mno 0.48 0.71 0.49 0.55 0.53 0.52 0.52
MgO 16.21 14.26 15.66 15.75 16.74 16.77 17.74
CaO 14.00 13.11 13.13 12.88 13.12 13.29 13.09
Na2O 0.34 0.19 0.35 0.25 0.22 0.14 0.11
BaO 0.05 0.00 0.00 0.00 0.02 0.00 0.00
K2O 0.15 0.04 0.17 0.15 0.10 0.11 0.05
Cl 0.03 0.00 0.02 0.01 0.00 0.03 0.00
Subtotal 99.39 99.32 98.58 99.04 98.75 98.24 98.98
normalization by Anderson excel program, per Holland & Blundy (1994), Ba not considered in calculation
T-sites
Si 7.28 7.73 7.37 7.55 7.62 7.58 7.75
Aliv 0.72 0.27 0.63 0.45 0.38 0.42 0.25
Al(total) 0.48 0.22 0.58 0.47 0.36 0.38 0.26
M1,2,3 sites
Alvi -0.24 -0.05 -0.05 0.02 -0.02 -0.04 0.00
Ti 0.03 0.00 0.01 0.01 0.01 0.01 0.01
Fe3+ 1.39 0.29 0.51 0.38 0.22 0.55 0.20
Cr3+ 0.00 0.01 0.00 0.01 0.01 0.01 0.00
Mg 3.33 3.05 3.34 3.33 3.54 3.53 3.71
Mn 0.06 0.09 0.06 0.07 0.06 0.06 0.06
Fe2+ 0.00 1.59 1.12 1.19 1.17 0.77 1.01
Ca 0.43 0.03 0.01 0.00 0.00 0.11 0.00
5.00 5.00 5.00 5.00 5.00 5.00 5.00
M4 site
Fe 0.00 0.00 0.00 0.01 0.04 0.00 0.03
Ca 1.64 1.98 2.00 1.96 1.96 1.91 1.97
Na 0.36 0.02 0.00 0.03 0.00 0.09 0.01
2.00 2.00 2.00 2.00 2.00 2.00 2.00
A site
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na -0.27 0.03 0.10 0.03 0.06 -0.06 0.02
K 0.03 0.01 0.03 0.03 0.02 0.02 0.01
Sum A -0.25 0.04 0.13 0.06 0.08 -0.04 0.03
OH site
O 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OH 1.99 2.00 2.00 2.00 2.00 1.99 2.00
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.01 0.00 0.00 0.00 0.00 0.01 0.00
2.00 2.00 2.00 2.00 2.00 2.00 2.00
Sum cations 14.75 15.04 15.13 15.06 15.08 14.96 15.03
Cation CHG 45.89 45.97 45.97 45.98 45.90 45.96 45.99
Fe# 0.29 0.38 0.33 0.32 0.29 0.27 0.25
Mg/Fe2+ #DIV/0! 1.92 2.99 2.78 2.93 4.61 3.58
Mg/Fe 2.39 1.63 2.05 2.11 2.48 2.67 2.99
XMg 0.71 0.62 0.67 0.68 0.72 0.73 0.75








sample LCP-05 LCP-05 LCP-05 LCP-05 LCP-05
type am am
point 180 181 core rim act band
wt %
SiO2 42.04 42.43 41.31 41.75 50.88
Al2O3 12.17 12.51 11.61 11.87 3.87
TiO2 0.55 0.49 0.90 0.70 0.11
Cr2O3 0.35 0.33 0.42 0.43 0.11
FeO 18.82 18.89 20.81 19.45 14.48
Mno 0.45 0.47 0.49 0.49 0.53
MgO 9.76 9.81 8.21 8.73 14.31
CaO 12.40 12.29 11.24 11.79 12.13
Na2O 1.07 1.08 1.07 1.05 0.42
BaO 0.00 0.00 0.03 0.06 0.00
K2O 1.20 1.31 1.30 1.29 0.24
Cl 0.04 0.03 - - -
Subtotal 98.85 99.65 97.39 97.61 97.08
normalization by Anderson excel program, per Holland & Blundy (1994), Ba not considered in calculation
T-sites
Si 6.21 6.21 6.25 6.29 7.42
Aliv 1.79 1.79 1.75 1.71 0.58
Al(total) 2.12 2.16 2.07 2.11 0.67
M1,2,3 sites
Alvi 0.33 0.37 0.33 0.39 0.08
Ti 0.06 0.05 0.10 0.08 0.01
Fe3+ 0.91 0.90 0.89 0.77 0.42
Cr3+ 0.04 0.04 0.05 0.05 0.01
Mg 2.15 2.14 1.85 1.96 3.11
Mn 0.06 0.06 0.06 0.06 0.07
Fe2+ 1.42 1.42 1.71 1.68 1.30
Ca 0.04 0.02 0.00 0.01 0.00
5.00 5.00 5.00 5.00 5.00
M4 site
Fe 0.00 0.00 0.03 0.00 0.05
Ca 1.93 1.91 1.82 1.89 1.89
Na 0.07 0.09 0.15 0.11 0.06
2.00 2.00 2.00 2.00 2.00
A site
Ca 0.00 0.00 0.00 0.00 0.00
Na 0.23 0.22 0.17 0.20 0.06
K 0.23 0.24 0.25 0.25 0.04
Sum A 0.46 0.46 0.42 0.45 0.10
OH site
O 0.00 0.00 0.00 0.00 0.00
OH 1.99 1.99 2.00 2.00 2.00
F 0.00 0.00 0.00 0.00 0.00
Cl 0.01 0.01 0.00 0.00 0.00
2.00 2.00 2.00 2.00 2.00
Sum cations 15.46 15.46 15.42 15.45 15.10
Cation CHG 45.88 45.89 45.85 45.85 45.96
Fe# 0.52 0.52 0.59 0.56 0.36
Mg/Fe2+ 1.52 1.51 1.06 1.17 2.31
Mg/Fe 0.92 0.93 0.70 0.80 1.76
XMg 0.48 0.48 0.42 0.44 0.64




















sample QC-53 QC-53 QC-53
point hb-11 hb-1 hb-2
wt %
SiO2 41.63 43.05 42.90
TiO2 0.86 0.87 0.83




MgO 10.15 9.90 9.72
MnO 0.09 0.07 0.07
CaO 11.34 10.86 11.10
Na2O 1.01 1.03 1.02
K2O 0.70 0.64 0.62
Subtotal 96.53 96.90 96.58
T-sites
Si 6.33 6.39 6.39
Al(iv) 1.67 1.61 1.61
Al(total) 2.33 2.28 2.29
M1,2,3 sites
Al(vi) 0.66 0.67 0.68




Mg 2.30 2.19 2.16




Ca 0.00 0.00 0.00
5.00 5.00 5.00
M4 site
Fe 0.34 0.13 0.08
Ca 1.66 1.73 1.77
Na 0.00 0.15 0.15
2.00 2.00 2.00
A site
Ca 0.19 0.00 0.00
Na 0.30 0.15 0.15
K 0.14 0.12 0.12
Sum A 0.62 0.27 0.27
OH site
OH 2.00 2.00 2.00
2.00 2.00 2.00
XMg 0.45 0.44 0.43
XOH 1.00 1.00 1.00
normalization by Anderson excel program, structural formula per Holland & Blundy (1994) with Fe
3+








sample CL82-73 CL82-73 CL82-74 CL82-74 CL82-75 CL82-75 CL82-75
type core vermicular core rim typical act rim act verm
point pt-3 pt-4 1 2 pt-1 pt-2 pt-4
wt %
SiO2 46.60 54.60 44.64 54.56 45.08 55.25 53.75
Al2O3 8.31 1.61 9.30 1.69 8.98 1.34 2.36
TiO2 0.70 0.04 0.95 0.07 1.01 0.05 0.09
Cr2O3 0.07 0.03 0.08 0.08 0.06 0.06 0.00
FeO 11.57 9.77 15.35 11.14 13.39 9.89 9.63
Fe2O3 (calc) 4.40 0.63 - - 3.32 1.00 1.53
Mno 0.29 0.30 0.24 0.26 0.28 0.30 0.31
MgO 12.22 16.88 11.13 16.43 11.06 16.89 16.49
CaO 11.98 12.74 11.72 12.64 11.92 12.75 12.73
BaO - - 0.00 0.01 0.01 0.01 0.02
Na2O 0.96 0.20 1.12 0.12 1.03 0.13 0.23
K2O 0.85 0.08 0.99 0.08 1.04 0.03 0.12
F 0.06 0.05 0.00 0.01 0.00 0.02 0.00
Cl 0.03 0.03 0.01 0.01 0.06 0.04 0.05
Subtotal 98.05 97.02 95.53 97.10 97.24 97.76 97.31
normalization by Anderson excel program, per Holland & Blundy (1994), Fe by charge balance
T-sites
Si 6.851 7.827 6.74 7.84 6.744 7.861 7.708
Aliv 1.149 0.173 1.26 0.16 1.256 0.139 0.292
Al(total) 1.44 0.283 1.66 0.29 1.584 0.225 0.399
M1,2,3 sites
Alvi 0.29 0.11 0.40 0.12 0.33 0.09 0.11
Ti 0.08 0.00 0.11 0.01 0.11 0.01 0.01
Fe3+ 0.49 0.07 0.33 0.02 0.37 0.11 0.17
Cr3+ 0.01 0.00 0.01 0.01 0.01 0.01 0.00
Mg 2.68 3.61 2.51 3.52 2.47 3.58 3.53
Mn 0.04 0.04 0.03 0.03 0.04 0.04 0.04
Fe2+ 1.42 1.17 1.61 1.29 1.68 1.18 1.16
Ca 0.00 0.00 0.01 0.00 0.00 0.00 0.00
5.00 5.00 5.00 5.00 5.00 5.00 5.00
M4 site
Fe 0.00 0.00 0.00 0.03 0.00 0.00 0.00
Ca 1.89 1.96 1.89 1.95 1.91 1.94 1.96
Na 0.11 0.04 0.11 0.03 0.09 0.04 0.04
2.00 2.00 2.00 2.00 2.00 1.98 2.00
A site
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.16 0.01 0.22 0.01 0.21 0.00 0.02
K 0.16 0.02 0.19 0.01 0.20 0.01 0.02
Sum A 0.32 0.03 0.41 0.02 0.41 0.01 0.04
OH site
O 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OH 1.97 1.97 2.00 1.99 1.99 1.98 1.99
F 0.03 0.02 0.00 0.00 0.00 0.01 0.00
Cl 0.01 0.01 0.00 0.00 0.02 0.01 0.01
2.00 2.00 2.00 2.00 2.00 2.00 2.00
Sum cations 15.32 15.03 15.41 15.02 15.41 14.99 15.04
Cation CHG 46.00 46.00 45.97 45.97 46.00 46.00 46.00
Fe# 0.42 0.26 0.44 0.28 0.45 0.27 0.27
Mg/Fe2+ 1.89 3.15 1.56 2.67 1.47 3.05 3.05
Mg/Fe 4.59 2.91 1.29 2.63 1.20 2.79 2.67
XMg (Mg/Mg+Fetot)0.58 0.74 0.56 0.73 0.55 0.74 0.73
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